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PREFACE
Previous work has shown that the lattice thermal resistivity due to 
dislocations in copper alloys is sensitive to both the type and 
concentration of solute atoms. It is supposed that at room-temperature 
deformation, the solute atoms segregate to the dislocations and modify 
the dislocation phon^n scattering by forming a cloud of impurity atoms 
(the so called Cottrell atmospheres) at the dislocations. In order to 
test the proposed mechanism a special thermal conductivity cryostat 
is called for so that plastic deformation of copper alloys can be carried 
out at liquid helium temperatures and the thermal conductivity measurements 
made without alio wing the deformed specimen to age at temperatures above 
the liquid helium range. At liquid helium temperatures, no solute 
diffusion can occur - thus the influence due to solutes on dislocation 
phonon scattering would be effectively controlled.
The main aim of this research work was therefore to design and 
construct a suitable cryostat and to make three sets of measurements on 
a particular copper alloy specimen, (i) in the fully annealed state, (ii) 
deformed at liquid helium temperatures and (iii) aged at room-temperature 
for a sufficiently long time to allow Cottrell atmospheres to form at 
the dislocations. It was the essence of this project to observe relative 
changes in the dislocation thermal resistivity and thus the scattering in 
the two latter conditions of the specimen.
ABSTRACT
Measurements have been made of the thermal conductivity of specimens
of Cu + 10 at* % A1 and Cu + 10 at, % Au in (i) the fully annealed state
(ii) the deformed and aged at liquid helium Temperatures state and (iii) 
aged under roora-temperature conditions. Results have reflected an 
increase in the dislocation thermal resistivity for the room-temperature 
aged specimens by a factor of 5.6 for the Cu + 10 at. % A1 and M-.6 for the 
Cu + 10 at. % Au alloy. Measurements of residual electrical resistivity
on a sample of Cu + 10 at. % A1 in the three different states have confirmed
that the changes observed in the thermal conductivity results are not due 
to changes in the electronic thermal conduction. The changes in the 
lattice resistivity are therefore interpreted as due to formation of 
Cottrell atmospheres for the room-temperature aged specimens, - the 
observed enhanced thermal resistance due to solute atmosphere formation is 
in qualitative agreement with the theoretical predictions of Ackerman 
and Klemens, (1971). Further, the Ackerman and Klemens annealing 
temperature dependence of the scattering for the deformed alloys in which 
Cottrell atmospheres have already formed and attained equilibrium with the 
dislocations, was experimentally tested in this research work. Good 
correlation between theory and experiment was achieved and moreover, the 
results confirmed the experimental work of Mitchell et al.»(1971).
Measurements on a Cu + 10 at, % A1 sample deformed at liquid helium 
temperatures and aged at several higher cryogenic temperatures have shown 
that the dislocation thermal resistivity increases with increasing ageing 
temperatures. This is interpreted as due to systematic segregation of 
solute atoms to the dislocations as the ageing temperature is raised.
An average value for the scattering in the deformed but not aged 
Cu + 10 at. % A1 samples has been determined to be 0.31 % 10~? cm^  
and is considered to be representative of the scattering in the pure 
copper - the value is in agreement to that predicted by Charsley et al.,
(1968), from their extrapolated curve of scattering after room-temperature 
ageing versus aluminium content in copper alloys and to those for Leaver,
(1969), for alpha-brass.
A knowledge of the scattering in the pure metal was used to determine 
dislocation densities in the Cu + 10 at. % Au specimen deformed at liquid 
helium temperatures and thus an accurate value for the scattering in the 
Cu + 10 at. % Au aged at room-temperature was deduced. This was used to 
deduce more accurately the dislocation densities introduced in the Cu + 10 
at. % Au specimen of Leaver, (1969), which was plastically deformed at 
room-temperature by between 2 and 12% tensile strain. It has been shown 
that Leaver underestimated his dislocation densities.
Critical consideration of the 1971 theory of Ackerman and Klemens has 
been presented. It has been concluded that reasonable qualitative 
correlation between theory and experiment exists for the specimens tested 
but quantitative agreement is very poor.
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NOTES
1. Tables, diagrams (figures) and plates are to be found in that order, 
at the end of the relevant chapters
2. The abbreviation at, % is used for atomic percent
3. The copper base alloys studied in this work are referred to by the
nominal concentration, expressed in at, % and type of solute followed ■ 
thus if the specimen is copper t 10 at, % aluminium then this may be 
denoted by Cu + 10 at. % A1 or may be by Cu/10 A1 or simply as
10 A1
4. The actual mean compositions of the ingot of the specimens- appear in 
Table 4.1
5. Only polycrystalline alloys were investigated in this research
6. The parts of the cryostat described by the code letters in chapter 
three, will be referred throughout this thesis by their respective 
code letters
7. The phrase, ”the back of the manometer” used in the text is taken
to mean, the limb of the manometer and its corresponding vacuum line
which are pumped to a high vacuum of 10”  ^torr. The helium vapour 
pressure line is connected to the other limb of the manometer called 
"the vapour pressure limb of the manometer” ,
8. References mentioned throughout the text will be found in alphabetical 
order by author’s name at the end of the thesis.
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CHAPTER I
INTRODUCTORY REVIEW ON EXPERIMENTAL AND THEORETICAL ASPECTS OF THERMAL
CONDUCTIVITY
1,1 Introduction
There are two processes by which heat may be transported through a 
solid. Due to the strong coupling between the atoms in a crystal 
lattice, conduction can take place by means of the. lattice vibrations 
(or phonons). These can be considered as waves travelling through the 
material. This is the only mechanism of heat transport in dielectrics. 
The heat may also be carried by any "free" electrons in the solid and 
hence in metals this constitutes a second conduction process. In most 
fairly pure metals nearly all the heat is carried by the electrons and 
very little by the phonons whereas in semi-conductors the heat transport 
will be shared between the two mechanisms, depending upon how many 
conduction electrons are present. In alloys too, both processes must be 
considered.
Experimental evidence indicates that the heat transport is directly 
proportional to the temperature gradient along the specimen. The heat 
conductivity K is thus defined as :
^ ~ A AT (1.1)
where Q is the rate of flow of heat along a specimen of cross-sectional 
'.rea A , '%ich produces a temperature difference AT over the length L after 
steady state conditions have been established. Steady state methods 
are employed to measure thermal conductivity values in the measurements 
described in this thesis.
- 1.1
1.2 Lattice Thermal Conductivity
The heat transport due to the lattice waves in solids is governed by 
the anharmonicities of the lattice forces, by the various imperfections of 
the crystal by the conduction electrons and by the external boundaries.
The lattice thermal conductivity may also vary in different temperature 
regions in any one given material. Thus the phenomenon of thermal 
conduction by lattice waves offers great diversity and provides an 
interesting field of study, both from a fundamental point of view, in which 
one desires to attain agreement between observation and the theoretical 
concepts and from the more applied view-point in which one desires the 
use of thermal conductivity as a tool in the study of lattice imperfections.
Recent expositions of the theory of lattice thermal conductivity 
have been given in a number of articles notably Klemens, (1958), and 
Carruthers, (1961), However, in what follows below, the theory of lattice 
thermal conductivity is presented in a simpler form.
Klemens (1958) supposed that in a presence of a temperature gradient, the 
phonon distribution in a material is perturbed. The various scattering 
processes tend to restore the equilibrium distribution. The balance of 
these two mechanisms causes a steady state non-equilibrium distribution 
and this gives rise to a heat current which thus defines the lattice 
thermal conductivity.
Let the average number of phonons in a group of modes q to q + dq he . 
defined as N(q)dq smd assuming N(q) is a function of position, since the 
temperature T varies with position, the drift of phonons will result in a 
variation- of N(q) with time at any point as:
dNdN
dt V . grad N = - (V . 7T) (1.2)
12
where 2 “ phonon group velocity and = average number of phonons
in a mode of frequency co given by the Bose-Enstein statistics i.e.
No expCkw/kT) - 1 (1.3)
where 2wk = Planck’s constant..
Now the phdncn scattering processes arising from lattice defects 
and anharmonicities tend to restore the phonon distribution to equilibrium. 
Assuming, the rate of change of N(q) due to these processes to be 
characterised by a relaxation time x(q) and if N = + n where n is
the deviation from equilibrium;, the scattering mechanisms may be 
expressed as
dN
dt scatt #  «■«>
In the steady state therefore, the right-hand side of Equation 
(1.2) must necessarily balance the right-hand side of equation (1.4), 
as zero net rate of change of N(q) occurs. Thus the Boltzmann 
equation is:
dN^n(q) = (V . VT) . t(q) ^  (1.5)
The heat current Q is given by
Q =  ^V t wN(q) (1.6)
q
As in a steady state the heat current equals to zero, Q must be 
solely due to n(q) causing the deviation from equilibrium and (1.6) 
may be re-written as
13 -
Q = ^ 2 (i u>n(q) (1.7)
q
and substituting n(q) from equation (1,5) into equation (1.7) and 
dividing equation (1.7) throughout by VT, the expression for lattice 
thermal conductivity 1<^ may be written;
” VT “  ^ (I'G)
dN
where c(q) = iiw and is the contribution of the mode q to the 
specific heat.
If we define the phonon mean free path &(q) as
&(q) = V t(q) (1.9)
then Equation (1.8) becomes
K = y V &(q) c_ (1.10)g ^ 1 q
(1.10) is similar to the expression obtained from the kinetic theory 
of gases for the conductivity of a perfect gas.
It is apparent from (1.10) that to obtain , the relevant mean 
free path (i.e. relevant relaxation times), plus an expression for the 
specific heat is required. The specific heat c(w) dw per unit volume 
from all modes in the frequency range w to w t dw is simply obtained by 
treating again the system as a phonon-gas problem and applying the 
Bose-Einstein statistics and assuming the Debye approximation to suffice 
we have.
14
C(„) = Ç22EÈ5BÎ t3 w < (1.11)
(e’' - 1)2 - °
= 0 for w > Wp (1,12)
where x = ' h w b e i n g  the Debye frequency and 0^  the Debye 
temperature.
Thus in the low-temperature limit(1,10) may be written as
K «Ç T^g A(q) dx (1.13)0 (e^ - 1)2
As q a X , then q~^ is a x ^  . It follows that if fi-(q) varies 
as q ^  where n takes on different values for the various scattering 
mechanisms which limit the frequency dependent phcnon mean free path, 
then (1'.13) may generally be expressed as
Kp "= T^‘" (1.14)
Klemens, (1958), lists the suggested values of n for various 
scattering processes on the basis of his theory. Typically, n = 1 for
electron-phonon and dislocation phonon scattering i.e. K here « T^  .
For stacking fault phonon scattering n = 2 i.e. K^ « T and for
boundary scattering n = 0  i.e. K « whilst n has a value of 4S
for point defect scattering i.e. K^ « T"^ .
1.3 Separation Of The Thermal Conductivity Into Its Electronic And 
Lattice Components
In metals and alloys, the total thermal conductivity K may be 
separated into its electronic component K^  and lattice component 1< viz
K = K + K (1.15)G g
- 15
Now the electronic component of the thermal resistivity = ly^
eis the sum of two terras, and where IL and are the ideal and 
residual thermal resistivity respectively. is due to the scattering
of the electrons by the atomic vibrations of the crystal and arises 
from the scattering of these electrons by imperfections such as vacancies, 
interstitials and dislocations and by impurity atoms.
The electronic contribution to the thermal conducitivity is generally 
calculated by assuming the validity of Wiedemann-Franz law which relates 
to the electrical resistivity p . At low temperatures assuming 
^i residual electrical resistivity , the Wiedemann-
Franz law gives the relation:
K = ~  = AT (1.16)
where L is the Lorenz number given by
L s 2.45 X 10"8 W ü
Ziman, (1964), discusses fully,the validity of the law. One of 
the most important conditions to be satisfied for the law to hold is 
that the scattering of electrons must be elastic. Inelastic scattering 
of electrons would give rise to a temperature dependent electrical 
resistivity. However, below about 10 K, experimental evidence e.g. 
Lindenfeld and Pennebaker (1962), Jericho (1965) shows that in metals
and alloys the electrical resistivity approaches a value which is a
constant to within a fraction of a percent - hence the terra ’residual* 
electrical resistivity. Most experimental results to date on low and 
medium residual electrical resistivity alloys (I'ut Q - cm < 4 10 u - cm)
- 16 -
indicate that the WiedemaiirbFranz law is obeyed tc within a few percent. 
Leaver, (1969)... and Salter. (1966) working on alloys used in the 
present research work have confirmed the constancy of to within a few 
percent  ^and have established the appllca'Mllty of the law in such alloys.
The reason why inelastic scattering of electrons gives rise to 
deviations from the Wiedemann-Franz law is crudely that at low 
temperatures inelastic interaction results in electrons being scattered 
through only small angles. Now since the electronic charge is constant, 
this scattering little affects the flow of electrical current. However, 
the electron energy is changed by a factor kT where k is the Boltzmann's 
constant so that the thermal current is reduced much more - the Wiedemann* 
Franz law then no longer holds, Ziman, (1964), discusses this point in 
detail.
Thus if the law holds the lattice component K is given by;
K = K - LT/ (1.17)g Pq
However in pure metals which are non-superconducting, the electronic 
component is ' much greater than the lattice thermal component 
and therefore K at liquid helium temperatures cannot be detected with 
existing experimental techniques. In dielectrics, however, almost all 
the heat is carried by the lattice waves and therefore measurement of 
presents no problem. However, the total thermal conductivity K at 3.ow
temperatures of both dielectric crystals and pure metals are comparable.
The reason why in metals is smaller then that in dielectrics is
simply because in the latter case at low temperatures is limited by
boundary scattering but K in the former at low temperatures is limiteds
by electron-phonon interactions which give much smaller phonon mean free
17
path ~ and therefore a smaller value of Kg
Three methods of separating and K in metals have been proposed.
(i) K may be reduced by the application of a magnetic field -
the experimental techniques in doing this has in the past met 
with little success and the method remains purely an academical 
one and will be discussed no further.
(ii) the electrons in a superconductor below its transition super­
conducting temperature cannot carry a thermal current and neither 
do they scatter phonons - Montgomeryj (1958), - therefore Kg
values in superconductors can be measured with a high degree 
of confidence and have in the past yielded some interesting 
results which will be mentioned later.
However,
(ii) implies that measurements of K would be restricted to the study 
of superconducting metals and alloys. Moreover, the effect 
of electron-phonon interaction is not negligible until the 
temperature is less than T^/5 which means most measurements 
must be made below about 1,5 K.
(iii) K may be reduced so that its value is comparable to K by e g
alloying the metal - the effect of alloying is to reduce the
mean free path of the electrons and hence K without appreciablye
affecting the magnitude of K . This is the most common 
method to date and is the one used in this research to 
investigate K since here, a study of the effect of solute 
atoms is required.
— 18 —
1.4 Separation Of The Various Contributions To The Lattice Thermal
Conductivity
Ziman, (1960), discusses the validity of expressing the lattice 
thermal resistivities arising from different phonon scattering 
mechanisms.
Suppose that there are several types of elastic scattering where it 
is possible to define the relaxation times xj , etc. for each class of 
scatterer. Then the total reciprocal relaxation time x is given to a 
good approximation by the relation
making the frequency-dependent resistive mechanisms additive.
It follows therefore that when considering lattic conductivity, the 
lattice thermal resistivity may to a good approximation be represented 
by:
^ t  ^ (1.19)
where the terms on the right-hand side are separately respectively the 
lattice thermal resistivities due to electrons, dislocations, boundaries, 
point defects and IWklapp processes each considered separately,
Carruthers, (1961), however has pointed out that this approximation may not 
be a good one. Whilst it* is valid to define a combined relaxation time 
if the various scattering mechanisms can be considered to be independent 
of each other, this is not equivalent to the addition of separately derived
*• 19 -
resistivities. In general, the frequency dependence of the different 
scattering mechanisms is not the same. Fortunately, the conditions under 
which Equation (1,19) may be expected to be valid are just those obtained 
in dilute alloys (such as samples used in this research) at liquid helium 
temperatures. In dilute alloys at liquid helium temperatures can 
be ignored as the dominant phonon wavelength is large compared with
the size of a point defect where
DX^  - X lattice spacing (1.20)
for a sample at temperature T and Debye temperature 8  ^- Rosenberg, (1963),
For alloys used in this research work at liquid helium temperatures, 
= 100 A ,
Umklapp resistance can be ignored at liquid helium temperatures as 
the dominant phonon wave number then is very much less than the smallest 
reciprocal lattice vector, Dislocation-phonon scattering and electron*" 
phonon scattering both give the same temperature dependence for the 
lattice thermal resistivity of dilute alloys. Under these conditions, 
provided electron-phonon and dislocation phonon-scattering dominate any 
other scattering mechanisms, equation (1.19) is a good approximation.
For example, if it is assumed that dislocation, electron and boundary 
scattering contribute to , then
wheie the explicit temperature dependence given by Kleraens, (1958), are 
included and E, D and G are respectively temperature independent 
coefficients which describe the magnitudes of the electron, dislocation and
20 -
boundary scattering. But if (E + D) T »  G i.e. and mechanisms
dominate then the lattice conductivity may be written as
, = fw 1-1 . _ f ------- E.
^  ^ (E + D) (E + D)2K = |WL)~1 =    (1.22)
However it is apparent from a study of Table 4.1, Page 109, that, 
the mean grain size g in the samples used in this research is largq enough 
to make the G term negligible. (See appendix Page 30A). ' ‘
Under these conditions,
= f r r  (1-23)
It is common practice to write (E t D) as W^T^ in referring to that 
part of the conductivity which has a quadratic temperature dependence.
By considering (1.16) and (1.23), the total thermal conductivity K may 
be expressed as
K = AT + BT  ^ (1.24)
If there are no other teirms of cubic or higher order in T then a
plot of K/„ against . T should yield a straight line of slope B - (W T^ )"*^  •
and intercept A. If the Wiedemann-Franz law holds, A should equal to
L/ . Any difference between A and L/ can be interpreted either as ' 
o o
deviation from the law or as indicating the presence of a linear terra in
K^ . Any significant curvature in the graph of K/^ against T would imply
the existence of terms like T^  or higher order in T in K^_. However,
previous work on the specimens used in this research work has shown that
the values of A agree reasonably well with those of L/ and reasonablyo
good straight lines have been obtained. For the purpose of the research
21 -
work described in this thesis therefore, a practice of using L/ as a
o
point at T = 0 is adopted - this has been done previously by some authors 
e.g. Kemp et al., (1957), Lomer and Rosenberg, (1959).
For alloys in the fully annealed state, the reciprocal of the 
slope B on the K/^ vs.T graph i.e. is limited by electron-phonon
interaction. Differences between for annealed and strained
specimens then yield values for corresponding to the dislocation
densities introduced.
The definition of dislocation phonon scattering power, a , which 
will be employed throughout the text is given by
W t2
o = T   (1.25)
D
Further theoretical consideration of dislocation-phonon scattering 
is postponed until Chapter 2. The next section gives a brief resume 
to date of the position regarding electron-phonon scattering.
1.5 Electron-Phonon Scattering
A calculation of the lattice thermal resistivity 
due to electron-phonon scattering was made by Makinson, (1938), and the 
criteria for the validity of approach is
q > 1 (1.25)
q and being phonon wave number and electron mean free path respectively. 
Pippard, (1955), derived an expression for the phonon mean free path for 
electron-phonon scattering which did not depend on the validity of 
Equation (1,26). Lindenfeld and Pennebaker, (1962), used the Pippard
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expression to calculate the thermal conductivity for electron-phonon 
scattering. They showed that their theoretical results lay on a 
universal curve of:
K
versus T/ (1.27)
and a graph of this nature is shown in Figure 1.1, Experimental results 
on annealed copper alloys of Lindenfeld and Pennebeker, (1962), Zimmerman, 
(1959), and Sladek, (1953)j when plotted on this graph indicates 
reasonable agreement with the theory. The Lindenfeld and Pannebaker’s 
theoretical predictions would imply that
' T'* (1.28)
where n is a function of temperature. At low temperatures^ and for 
samples of low or medium residual electrical resistivity (such as
specimens used in this research), n is equal to 2. At low temperatures 
and relatively high residual electrical resistivity , n is equal to 
1 while, at high cryogenic temperatures n > 2 .
1,6 Experimental Review
The study of dislocation-phonon scattering and electron-phonon 
scattering has received much attention recently. Experimental results 
have indicated that the results of thermal conductivity measurements very 
much depend upon the type i.e. residual electrical resistivity of the 
material studied. The materials may be classified into three main 
categories ;-
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(i) high residual electrical resistivity alloys i.e. > 10 pH
cm in both.annealed and strained states
(ii) low and medium residual electrical resistivity alloys i.e.
1 yfi cm < p < 10 yfi cm in both annealed and strained states, o j
(iii) annealed and strained insulators and superconductors.
The alloys in the category (ii) have attracted a particular interest 
in recent years and as the samples studied in this research fall in this 
group of alloys, any reviews and discussion that will follow in this 
chapter and in the rest of this thesis will be predominantly connected 
with work done on this group of alloys, A review of work done on alloys 
in the annealed state, will be given in this chapter; discussion on the 
strained alloys is postponed until Chapter 2.
(i) High residual electrical resistivity alloys
For alloys with high values, Pippard, (1957), predicted to 
contain a term linear in temperature. This provided a theoretical 
explanation of the break-down of the Wiedemann-Franz law previously 
observed by Sladek, (1955), for indium-thallium alloys and Kemp et al., 
(1956) on silver-palladium alloys of high residual electrical resistivity.
Olsen, (1959), pointed out that if Pippards* theories applied, 
alloys of high residual electrical resistivity would be expected to have a 
lattice conductivity given by;
K = CT + Bt2 (1.29)
Zimmerman, (1959), working on cop|>er-antimony alloys having values
of between 12 and 40 yG cm showed the validity of Equation (1.29)^  
he further showed that the value of C increased systematically with p .
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Dreyfus et al., (1963), measured the thermal conductivity of a series
of gold-cobalt alloys, and found a linear terra in K when p was greaterg o
than about 10 yO cm. However, they also reported to have observed a 
large linear term in for an alloy of = 2 yQ cm^  but their measurements
were made between 31< and 30K using gas thermometers, and this latter result 
may be spurious.
More recently, Jericho, (1965), measured the thermal conductivity of
a series of silver-antimony and silver-tin alloys. His results agreed
well with those of Zimmerman, and in this case the value of C was
significant for values of p^ greater than 10 yH era. Below IK
Jericho found that the slope of the graphs K_. vs. T for his alloys®/T
showed a sharp increase. The deviations from the Wiedemann-Franz law due 
to the onset of some inelastic-scattering mecahnisms for electrons and the 
possibility of some phonon-scattering mechanisms which became dominant 
below IK were considered. However, no satisfactory explanation of this 
effect was put forward.
Jericho also measured the lattice thermal conductivity of an alloy of ' 
residual electrical resistivity 18 yfi cm . which had been deformed a 
few percent. He found no decrease in B (equation (1.29))as a result of
the strain^but did however observe a decrease in the value of C.
(ii) Annealed low and medium residual electrical resistivity alloys
During the embryonic era of low temperature lattice thermal 
conductivity experiments, workers were interested primarily in the study of 
the electron phonon interaction in the annealed alloys. Such a study 
would afford a knowledge of WT% for the alloy and therefore a value,of 
WgT^ for the pure metal. This would in turn enable the Bloch and the 
Makinson coupling schemes for electron-phonon interaction to be distinguished.
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Kemp et al., (1956), measured the thermal conductivity of a series 
of annealed silver-cadmium and silver-palladium alloys and observed a 
systematic increase in with alloying. When the graph of vs.
solute concentration was extrapolated to zero concentration, the value 
for the pure metal so obtained agreed well with that 
theoretically predicted by Klemens, (1954), assuming the Makinson 
coupling-schem^ in which electrons interact equally with phonons of 
all polarizations. However, this observed rise in with increased
cadmium or palladium content of annealed alleys was puzzling. It 
was thought that this might possibly be due to the change in the electron 
atom ratio i.e. a variation in electron-phonon scattering with electron 
concentration and changes in the Fermi surface caused by alloying. 
Therefore, Kemp et al., (1957), added a monovalent solute, gold, to 
copper - this does not change the electron atom ratio, and, further, 
is unlikely to affect the Fermi surface much. However, #^ "^2 was still 
found to increase with increasing solute content. An alternative 
theory was proposed to explain this effect. It was suggested that 
segregation of impurity atoms can cause locking-in of dislocations 
even in the annealed alloys. As dislocation-phonon scattering gives 
the same temperature variation as electron-phonon scattering, increase 
in W^T^ with increasing impurity content, was supposedly due to the 
increased density of locked-in dislocations. Further 
support for this argument was an experimental observation on a copper- 
zinc specimen which^  when re-annealed close to the melting point, 
exhibited a decrease in . However, for this theory to be plausible, 
it meant that the locked-in dislocations would have had to have a value 
of Njj which was improbably high. White and Woods, (1954), found that 
half an atomic percent of iron in copper produces an increase of
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equivalent to an improbably high density of looked-in dislocations of
5 X lO^l cmT^ . Further Birch et al., (1959), annealed some dilute gold
alloys close to the melting point and observed no appreciable decreases
in W T^ . One may attribute the decrease in W of the re-annealed S g
copper-zinc specimen mentioned earlier simply as a demonstration of the 
inadequacy of the first heat treatment. Nevertheless, the idea of 
locked-in dislocations did persist until 1962 - see for example Kemp 
and Klemens, (1960).
In 1962, Lindenfeld and Pennebaker measured K for a series of
annealed copper-germanium alloys and, using electron microscopy techniques
they showed that for their specimens was far too small to account for
the changes in W with alloying. Lindenfeld and Pennebaker have shovm
that changes in K (or W T^) resulting from increasing germanium content
were correlated with changes in p^ . Their experimental results lay
close to a universal curve of K /Tp versus T/ and were compared withg o
a theoretical curve calculated from the formula discussed in Section 1.2.
A brief treatment of this effect has previously been given in Section 1.5. 
Salter (1966) pointed out that agreement between theory and experiment is ' 
good only for small T/p^ i.e. for alloys of high residual electrical 
resistivity, and that the assumption of independent longitudinal and 
transverse modes may be incorrect.
Tanish and White, (1962), attempted a re-interprétâtion of earlier 
results on both dilute copper and silver solid-solution alloys. They 
considered the possibility of changes in the 1954 Klemens equation for 
the lattice resistivity of a pure metal as a feasible explanation of 
the observed changes in W^T^ with alloying. Klemens’ expression for 
electron-phonon scattering for T < 0^  ^, is
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"g = 3Ï3 «1 (T) [-fj""- V  (1^ 30)
where W^(T) “ the ideal electronic thermal resistivity, which is proportional 
to
0^ = the Debye temperature and = the number of conduction
electrons per atom.
It is necessary to explain changes of the order of 100% to 1000%,
WfCT), as estimated from changes in residual electrical resistivity 
measurements\increases by about 30% between pure copper and copper 
+ 10 at, % 2n,\yhereas changes very little, 8  ^decreases by 
approximately 10%\between pure copper and copper + 30 at. % Zn,
Hence one may coi^ clude that changes in with alloying in 
annealed alloys may be correlated with changes in but, theoretically 
Klemens’ expression for electron-phonon scattering fails to explain 
experimental observations•
(iii) Insulators and superconductors
In the past, considerable work has been done on the thermal conductivity 
alkali halide crystals. The lattice thermal conductivity at liquid helium 
temperatures of nearly perfect alkali halide crystals is limited by boundary 
scattering. Dislocation densities of the order of only 10^  cm”  ^are 
necessary to cause detectable changes in the lattice thermal conductivity 
of such materials. In alloys, however, dislocation densities a thousand 
times greater are required to show measurable changes in the thermal 
conductivity values.
Sproull et al,, (1959), working with LiF crystals, obtained a value 
of WjjT^  from low temperature thermal conductivity measurements as
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1,3 X 10~G Ng cm K^ . Similarly Ishioka and Suzulci, (1963), from 
measurements on annealed and deformed NaCl crystals between 4.2 K and 10 K 
obtained T% = 7 x 10~G W“  ^cm K^ . Such experimental results
indicated that the dislocation-phonon scattering power a was 1 0  ^times higher 
than that theoretically predicted by Klemens, (1951), and (1955).
Experimental results for LiF by Taylor et al., (1965), further confirmed 
discrepancies between the then existing theory and experiments.
In 1958, Klemens revised his theory and increased his theoretical 
estimate of the scattering power a by a factor of 15 - however, a 
discrepancy still remained. Attempts were made by Ishioka and Suzuki, 
(1963), to correlate their experimental results with a value of dislocation 
phonon scattering power a theoretically derived on the basis of Granato’s 
dislocation flutter model - Granato, (1958). The Ishioka and Suzuki 
model or the flutter model will be mentioned again in Chapter 2.
Taylor, et al., (1965), and Moss, (1965); have attempted to explain 
the discrepancies discussed. They claim that the scattering power of 
dislocations is being enhanced through a co-operative effect arising from 
certain geometrical arrangements of dislocations.
Work by Malinowski and Anderson, (1971), on the scattering of phonons 
by mobile/dislocations in LiF crystals will be briefly mentioned in 
Chapter 2 of this thesis in the context of their ’string model' or 'pinning 
of dislocations modal'.
Earlier in this chapter, it was pointed out that at temperatures 
below T^/5, the lattice thermal conductivity of a superconductor behaves 
similarly to that of an insulator. Rowell, (1960), has measured the 
dislocation-thermal resistivity‘of superconductors for single 
crystals of lead-niobiuin and lead-bismuth alloy. Using Klemens* (1958),
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formula, values of were calculated from the changes in W withu &
deformation, and were compared with u calculated value, Salter, (1966), 
suggests that the calculated values of the dislocation densities were 
impossibly large, Salter used a formula due to Cottrell, (1953), and he 
gives the probable dislocation density for a copper specimen deformed in 
a manner similar to that of Rowell's lead specimen. Comparison of the 
known deformation characteristics of the two metals indicated that Rowell 
had overestimated the dislocation density of his specimen. On the basis 
of Salterns calculations, klemens (1958), underestimates the scattering 
power o by a factor of 40,
! ■!— -■if'--   ■i.'L.i
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Figure:- 1.1 Lindenfeld And Pennebaker.. ~ Universal Curves
Kg • TOf Versus —  For Copper Alloys.
. (2)
(1) theoretical universal curve for Cu based alloys due to Lindenfeld 
and Pennebaker derived on the Pippard^ -. model 
(2) experimental universal curve derived from the work of Lindenfeld 
and Pennebaker (1962), Zimmerman (19^) and Sladek (1953),
V - . ■- ■ - ■ ■ ) ■ ■  ,■■ - ■ / , . .  . ■ ,1 -■ ■ '%).••':■, ■. ,:A '  ^ ' .. ' ' ' . ; ' - . /
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Appendix
The ratio of the second terra in Equation (1.22) to the first term 
is Y F "+"D)T * From results of Salter and Charsley (1967), using the 
known value of grain size g 100 yra, this ratio is < 5%* considering 
the worst possible situation i.e. for the specimens in the annealed 
state. Now, the values for the grain size g in the specimens used in 
this research are greater than 100 r^a (see Table 4.1, Page 109).
Since G « 1/g ~ Salter and Charsley (1967) -, it follows that the 
second term can be neglected for most purposes.
31
CHAPTER 2
DISLOCATION PHONON-SCATTERING AND THE EFFECT OF COTTRELL ATMOSPHERES
2.1 Proposed Dislocation-Phonon Scattering Models
Theoretical formulation leading to an expression for dislocation 
phonon scattering has been given recently in a numîjer of reviews notably 
those by Klemens, (1958), Carruthers, (1961), Ohashi, (1968) and Bross 
et al,, (1963),
Essentially, a dislocation is an imperfection in the crystal lattice 
which has extension in one dimension. The atomic irregularity with which 
it is associated may be divided into two regions. Firstly, there is an 
area of ^oss mismatch running along the centra, or core, of the 
dislocation and secondly, there is a strain field in the crystal which 
surrounds this core, Ifhilst it is in the core that the disorganization 
of the crystal lattice is most serious, the scattering of the phonons by 
the core is not as great as that by the outer strain field because the 
effective diameter of the core will only be a few atomic distances. At 
low temperatures (liquid helium temperatures) where the dominant phonon 
wavelength is long compared with the atomic-spacing, the scattering may 
be considered to be analogous to the effect in optics known as Rayleigh 
scattering ~ Rayleigh, (1896), The scattering by the core may be 
considered, as Rayleigh scattering by a long cylinder and this gives a 
mean free-patch proportional to By considering the expression for
lattice thermal conductivity K. (Equation 1.14, Chapter 1) discussed earlier,S
it is evident that core-scattering leads to temperature independent thermal 
resistance. Also, it must be pointed out that the absolute magnitude of 
this resistance will be much smaller than that due to the scattering
i ■•■ .' :■•■ ■'. • , ,. : ;-, ... ' - ' - ' ' ' '" \. , ' ' ..' - ,-, ' . ' .' , " ■«■ ■
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of the phonons by the region of elastic strain around the dislocation 
discussed below.
The static strain field of a dislocation falls off inversely as 
the distance from the dislocation line. The dilatation A(r) 
may be represented by;
A(r) ~ b/r (2.1)
where b (which is approximately an atomic spacing) is the magnitude of 
the Burgers vector of the dislocation. Thus the static strain field 
extends a long way from the dislocation and it is able to scatter phonons 
which are at distances r, considerably greater than the phonon 
wavelength from the centre of the dislocation* The lattice anharmonicity 
will produce a change in the phonon velocity in these strained regions and 
the phonons will be refracted. If the phonon-velocity in the unstrained . 
lattice is then,in the region where the dilatation is b/r, the phonon 
velocity becomes;
2  = (1 . yA (r)) (2^ 2)
where y = anharmonicity constant or Grüneisén coefficient which is 
considered to be a measure of the anharmonicity. The approach given 
above is the one due to Kleraens, (1955) and (1958). Other static strain 
field models have also been proposed by a number of different authors 
Carruthers, (1961), Moss, (1965) and Bross et al., (1963).
Phonon scattering through a given wave vector is proportional to 
the absolute square of the corresponding Fourier component of V - ^
and is thus proportional to y^ , Klemens, (1958) has suggested that a
,. _ . ' ' ' , . ': , ' ' : l ' : ^^
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satisfactory expression for dislocation-phonon scattering fof phonons 
scattered by the static strain field around dislocations through 
anharmonicity is:
W z %  ll— N b% (2.3)
60k3 X 7.05
where
h = Planck^s constant.
V “ phonon group velocity 
= density of dislocations 
k = Boltzmann*s constantJ the other quantities are as defined 
previously in this thesis.
Equation (2.3) may be written as
WpT^ = C Mg (2.4)
V
where the constant C =
GOkS X 7.05 
so that the scattering power a will be 
W T*
0 = N--- = (2.5)D
It is concluded from the theory that a is independent of the strain 
in deformed samples and independent of the solute type and concentration 
in substitutional solid-solution alloys.
Besides the static strain field model, there is also the vibrating 
dislocation model to explain disJ.ocation-phonori scattering. In this it is 
considered, that dislocations are able to vibrate in the moving strain
T':;:;-v'\' : A ->vy % L3''' "' ‘ '■ ' ‘//-v '■ «" J 'l' • ■ ' ’ . i  ^'' , ' ' \ -' : ' : I ' - ,
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field associated with the phonons and hence absorb and emit phonons.
t
This implies that there are localised lattice vibrational modes around 
the dislocations which are excited by phonons and decay by emitting 
phonons. The scattering of sound waves by a vibrating dislocation has 
been discussed by Nabarro, (1951), for a different purpose but his 
result was applied to calculate the thermal conductivity by Granato, 
(1958). Ishioka and Suzuki (1963) have comprehensively discussed the 
so called ’dislocation flutter model' or 'resonance scattering 
(vibrating dislocations) model'.
Malinowski and Anderson, (1971) have explained their thermal 
conductivity measurements on LiF by means of Granato's vibrating 
dislocation model, the dislocations vibrating in the valley of the 
Pierls-Nabarro potential. Here mobile dislocations in a crystal are 
considered essentially as an assembly of elastic strings of different 
lengths, the free lengths or loop lengths of which are determined by the 
spacings between pinning points where the dislocations are held fixed.
By adding point defects which reduce their dislocation loop lengthà, the 
dislocations can be rendered effectively immobile.
2,2 Experimental Review On Strained Alloys Of Low And Medium Residual
Electrical Resistivity
The work discussed in the previous chapter on alloys of low and 
medium electrical resistivity was confined to the annealed state but 
included a number of measurements for the strained state. The review here 
is in two separate sub-sections. Sub-section (i) below is a general 
review on dislocation-phonon scattering in these alloys and sub-section
(ii) gives a review of experimental work which led Klemens to modify his 
earlier '1958 theory'.
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(i) General review; The first reliable work on dislocation-phonon 
scattering was done by Lomer and Rosenberg, (1959). They estimated 
values of o for two deformed polycrystalline specimens of Cu + 30 at. % Zn. 
Lomer and Rosenb^g also put forward detailed relationship between W^T^ and 
the work-hardening characteristics of their samples. This was followed 
by publications of several other workers who also used thermal conductivity 
techniques to determine W^T^ in strained solid-solution alloys. Salter, 
(1966) carried out the first detailed experimental work in which 
measurements of dislocation-phonon scattering were made. Working on 
copper aluminium alloys at liquid helium temperatures, he has shown 
that the expression for lattice thermal conductivity has terms which have 
predominantly a quadratic temperature dependence. Comparison of results 
of polycrystals and single crystals have shown that terms linearly 
dependent on temperature are detectable in polycrystals, and this has 
been attributed in part to grain boundary scattering. However, no term 
of cubic or higher order in T was detectable [Charsley and Salter, (1965), 
and Salter and Charsley, (1967)],
Leaver, (1969), working on annealed alloys, has confirmed a 
quadratic temperature dependent lattice thermal conductivity. But he has 
however reported consistently to have observed a departure from such a 
dependence in the case of strained alloys. Leaver's observation
revealed such a departure as a 'kink' on the K/^ vs. T graph.
Kusonoki and Suzuki, (1969) also observed increasing deviations
from linearity of K/_ vs. T plots for similar alloys in strained
conditions.
Mitchell et al., (1971) attributed the anomalous departure from 
linearity to the electron-phonon thermal resistivity as a result of the
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small electron mean free path in these alloys. They use the theory of 
Lindenfeld and Pennebaker to explain this anomaly qualitatively. It 
seems however difficult to accept such an explanation in the light of 
the good linear plots for the annealed specimens in both the Leaver 
and Kusunoki and Suzuki measurements. .
Following the suggestion of Moss (1965), Charsley et al, (1967) 
interpreted the non-linear behaviour exhibited at lower temperatures 
(~ 3 K) by attributing it to the scattering of phonons by dislocation 
dipoles. Charsley et al. (1967) proposed that when the dislocations 
in a dipole configuration are separated by a distance d which is less 
than half of the dominant phonon wavelength, then the scattering is 
comparable to that from a line of point defects, and is considerably 
reduced. On this basis, they suggested that the wave-number dependence 
of T, the relaxation time for dislocation-phonon scattering, changed 
from q“  ^for an isolated dislocation to q~^  for a dislocation dipole.
However, Leaver and Charsley (1971) suggest that dislocation 
dipoles are unlikely to be the sole reason for the non-linearity in the 
plots of K/^ vs, T curve. It is well known that, for example in 
Cu t 12 at, % Al, dislocation dipoles form from the beginning of deformation 
whereas in Cu + 2 at. % Al one gets dislocation tangling in the initial 
stages of deformation, and with increasing deformation a cell structure 
is ultimately formed. This observation is in agreement with the general 
picture of the deformation of alloys established by many workers - 
Steeds and Hazzledine, (1964); Mitchell et al., (1967); Thomas, (1963); - 
in which the deformed state is dependent on the stacking fault energy.
Leaver and Charsley, (1971), suggest that whatever the details of the 
arrangements may be, the close association of dislocations into stable
.t, '., . 1' '" , . 'y. . : i- ' ' . --. x,'■%!.( ■ ■ ' ' ■'■.••.-
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low energy configurations (cell walls or dipole mats) results in an 
overall reduction in the long-range strain-field compared with a random 
arrangement of individual dislocations.
Similarly Zeyfang, (1967), has explained the results of lattice 
thermal.conductivity measurements of deformed Cu - Ga and Co - Ni alloys 
on the basis of the Grunner (1965) and Bross. (1966) theories of the 
effect of dislocation arrangements. Recently Ackerman and Klemens^
(1971), have propo.sed a.theory^ased on a cut-off strain-field model, 
which like-wise predicts a departure from the usual temperature - 
dependent thermal resistivity for a dense array of dislocations, but
does not take into account the inhomogeneous dislocation configuration.
Kusunoki and Suzuki, (1969), interpret the departure from linearity 
of the K/^ vs. T relation by assuming that the dominant scattering
below 4.2 K is not due to , phonons scattered by the static 
strain fieldsaround dislocations^ but that arising from resonance 
scattering of phonons due to vibrating 'pinned’ edge dislocations. By 
combining an approximate relaxation time due to the resonance scattering 
by edge dislocations derived by Ninomiya, (1968), with the electron- 
phonon interaction relaxation time in the Callaway expression for the 
lattice thermal conductivity, (Callaway (1959)) they found reasonable 
agreement between theory and experiment . However, their claim of the 
failure of the static strain field model to explain non-linearity effects 
is far from acceptable on account of the very good correlation Leaver 
has obtained between his 'dislocation dipole model' based on the^static 
strain-field theory and his experimental results.
It should be pointed out that measurements of K in the present'research 
is' confined to between 3.and..4..2 K, and the author therefore uses the procedure:
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adopted by Leaver of taking the slope of K/^ vs. T corresponding to the 
higher temperatvire region i.e. where has T“  ^dependence, as being
indicative of the dislocation-phonon scattering.
Leaver studied the work hardening mechanisms in copper alloys 
extensively using thermal conductivity measurements. He considered the 
variation of with the stress t to which the specimen was subjected,
and by using the curve of stress versus strain, he studied the variation 
of Njj with strain for a series of copper alloys.
Leaver’s measurements of residual electrical resistivity on a 
Cu + 10 at. % Au specimen exhibited a decrease in electrical resistivity 
with increasing deformation and this was attributed to the destruction 
of short-mnge order. By comparison with other copper alloys, Leaver, 
further, deduced the dislocation-phonon scattering in Cu + 10 at. % Au 
without recourse to a direct determination of by electron microscopy
techniques which were found very difficult in this case.
(ii) Review of experimental work leading to the modification of the
earlier theory; Lomer and Rosenberg, (1959), attempted to measure
a in a series of alpha-phase copper-zinc alloys. The dislocation 
densities were calculated using the Klemens, (1958) formula - Equation 
(2.3) given in this thesis, where a was assumed to be independent of 
alloy composition. Further was roughly determined directly for two 
strained specimens containing 30 % Zn. However no attempt was made at 
a detailed study and only a small number of electron micrographs were 
taken so that the error in dislocation density would be expected to be 
large. In the light of these values for it was suggested that the 
Klemens* 1958 theory underestimated the dislocation-phonon scattering 
power by about a factor of 6 .
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Kemp et al., (1959), studied a in alpha-brass and arsenical copper 
specimens (containing 0,4% As!^  which had been severly deformed in torsion.
The deformation and annealing conditions were selected so that -^  
comparison could be made with studies of the release of stored energy 
made by Clarebrough et al., (1955), and (1960); since their specimens 
came from the same stock. . Using Cottrell’s estimate of the energy 
of a dislocation in copper [Cottrell, (1953),] a value of for the
specimen was obtained. But the analysis of experimental data was 
complicated as in the case of alpha-brass a large energy release in 
stage I corresponded to only a small change in the lattice thermal 
conductivity. Again re-crystallisation occurred during some measurements. 
However^  they showed that Klemens ’ (1953) formula under-estimated the 
dislocation phonon scattering power by a factor of 6.5 for a-brass and 
8 for arsenical copper. Their result of
WjjT^  = 3.9 ‘>4.8 X 10-8 -^1 cm K^
is identical within the experimental errors with the value of Lomer and
Rosenberg 9f
W^T^ = 3.6 X 10-8 trl cm K^  .
Salter, (1966), using transmission electron microscopy made a detailed 
study of the arrangement and densities of the dislocations in strained 
copper aluminium alloys of different solute concentration s. Equipped with 
a direct knowledge of ^nd determining W^ T^  by thermal"*conductivity 
measurements on specimens deformed at room-temperature, Salter discovered
that the dislocation phonon scattering power a, increased unexpectedly 
with increasing solute concentration. a for Cu + 2 at. % Al was found 
to be 1.0 X iQ-7 cm8 whereas for Cu + 12 at. % Al a was found to 
be 2.1 X 10-7 w-1 cm^ K^ .
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Salter further noticed that the arrangement of dislocation changed 
with increasing solute content from a tangled structure for very dilute 
alloys to a more ordered array with dislocations confined to their slip- 
planes in the case of the Cu + 12 at. % Al, This change in dislocation 
arrangement was correlated with the decrease in stacking fault energy 
[Swann and Nutting, (1961),] as more solute was added, and Salter 
suggested that for the môre regular arrays, pile-ups of dislocations 
were the cause of the enhancement of phonon scattering, leading to 
larger'values of a.
But the Cu t 30 at. % Zn specimen of Lomer and Rosenberg, and the 
Cu t 12 at. % Al sample of Salter, both have very similar stacking-fault 
energies and further the dislocation structures in both materials are 
known to be similar [Howie and Swann, (1961)]. Yet the experimental 
value for a for the Cu + 30 at, % Zn of Lomer and Rosenberg did not 
reflect an enhancement in phonon scattering in accordance with the 
'pile-up* theory of Salter, Salter, thus suggested that Lomer and 
Rosenberg’s result might have been in error by a factor of 5.
However, Leaver, (1969) made a detailed study of dislocation- 
phonon scattering in Cu t 30 at. % Zn and his experiments revealed a 
value of a identical with that of Lomer and Rosenberg’s, thus implying 
that a is not dependent upon dislocation arrangement. This prompted 
Salter to carry out detailed investigation to determine the dependence 
of 0 on dislocation arrangement, Salter measured the lattice thermal 
conductivity of Cu + 12 at. % Al single crystals while maintained under 
stress and also in the stress-free condition. The effect of stress is 
to decrease the average spacing of dislocations in a pile-up, and hence 
the conductivity was expected to differ between the stressed and relaxed
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conditions if 0 were dependent on dislocation arrangement. However9 no 
significant difference was detected - the experiments and the findings 
have been fully discussed by Charsley et al.9 (1967), It is of interest 
to mention here that all measurements made by the present author in the 
research work of this thesis were on unstressed specimens. •
In the Series of experiments described above Salter also attempted 
to detect any andaotropy effects in the scattering of phonons by edge
and screw dislocations. A flat single crystal of Cu + 12 at, % A1 was
deformed in tension and two cross-shaped specimens were machined from 
it. The thermal conductivity was measured in two directions perpendicular 
to each other for each cross. Knowing the direction of the thermal 
current and the relative orientations between edge and screw dislocations, 
it was found that there was no detectable anisotropy due to edge 
dislocations. The results indicated that an anisotropy due to screw 
dislocations is possible but not certain [Charsley et al., (1967)].
Besides making measurements on the a-brass specimens, Beaver also 
measured thermal conductivities of the Cu + 2 at. % A1 and Cu + 12 at. % A1
specimens9 and his results confirmed earlier suggestions of the dependence
of 0 on both the solute type and concentration - a being found to increase 
with increasing aluminium content. Leaver’s work will be further 
considered in Chapter 6 in the light of the results of this project.
Further, Zeyfang, (1967), made measurements of thermal conductivity on 
strained Cu t 4.6 at. % Ga alloys. He used a mean theoretical value for a 
for pure Cu of 10,5 x 10~8 W"^  cm  ^ Bross et al., (1963) , and his 
calculation showed that thermal conductivity measurements yielded values of 
Ng in alloys about 5 times larger than that expected on the basis of the 
electron microscope work of Essman (1966), He attributed the 
discrepancies as possibly being due to the fact that elastic constants
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used in the theoretical predictions of are different at liquid helium 
temperatures from the values at ambient temperatures assumed in the 
theoretical formula [Salama and Alers, (1967)], Zeyfang also considered 
the possibility of ’pile-ups', to explain his -values obtained from
thermal-conductivity measurements.
Charsley et al., (1968) suggested that the variation in o with 
solute type and concentration observed by Salter, (1966), and Leaver,
(1969) was possibly due to solute atoms being near dislocations, Klemens 
(1968) inspired by Charsley (1968), attempted a theoretical explanation 
of the dependence of 0 on solute concentration. He, suggested that the 
formation of Cottrell atmospheres [Cottrell, (1953)], may explain such 
variations, and formulated a revised static strain-field model in which 
he assumed that the modulation of solute concentration caused by the 
dilatiiiviS?? field of a dislocation changes the scattering by an amount which 
depends upon the mass difference between solute and solvent atoms.
Klemens (1968) suggested that the modulation of the impurity concentration 
about the dislocations increases the phonon scattering by dislocations 
if heavy impurities are associated with positive dilatations, or if light 
impurities are associated with negative dilatations, and decreases 
phonon scattering for the opposite combinations. According to the theory 
it is further predicted that the scattering is dependent upon the 
temperature at which the Cottrell atmospheres attained thermal equilibrium 
with the dislocations. Further, Klemens (1969) suggests that since the 
formation of Cottrell atmospheres is a diffusion controlled process, 
changes in thermal conductivities with annealing may bo time-dependent.
Time-dependent effects will be considered again later on in this thesis
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Meanwhile, Leaver had already made a preliminary investigation, 
on two specimens (Cu + 12 at. % A1 single crystal and Cu + 10 at. % Au 
polycrystal). The specimens were torsionally deformed at room- 
temperature and then rapidly cooled to liquid nitrogen temperatures 
to stop solute atoms from diffusing to dislocations and inhibit 
formation of Cottrell atmosphere. Thermal conductivity measurements 
were made at liquid helium temperatures and the measurements were repeated 
after allowing the specimens to age at room temperatures for considerable 
time. For both specimens the conductivity increased slightly (approximately 
0.6 %) as a result of the ageing process, although on the basis of the 
theoretical model proposed by Klemens (1968) it should have decreased 
significantly. It is probable that the atmospheres of solute atoms 
had almost completely formed around the dislocations in the tine between 
deforming the specimens at room temperature and cooling them down to 
liquid nitrogen temperatures [Leaver, (1969)].
Ackerman and Klemens (1971), have proposed a more detailed theoretical 
calculation and they acknowledge that changes in the scattering may be 
due to the mass difference between solute and solvent atoms as supposed 
by Klemens (1968), However, Ackerman and Klemens now consider that the 
size difference provides an additional source of scattering. In particular 
they propose that the size difference on its own will always reinforce and 
enhance the scattering due to the strain field, irrespective of the sign 
of the size difference.
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Section 2.3 discusses the interaction of solute atoms with 
dislocations and deals with the kinetics of atmosphere formation.
Nabarro (1967), Cottrell and Bilby (1949) and (1951), Bullough and 
Newman (1959), (1962) and (1970), have given treatments of the 
kinetics of atmosphere formation. In Section 2.4 the Ackermann and 
Klemens, (1971) theory is considered in detail,
2 .3 Interaction Of Solute Atoms With Dislocations
A dislocation has associated with it a strain field. Isolated 
solute atoms, particularly if they are much smaller or larger than the 
solvent atoms, are centres of elastic distortion. Consequently in solid 
solutions the solute atom and the dislocation will interact elastically 
and exert forces on each other. There are also other possible forms of 
interactions, in particular electrical and chemical interactions, though 
perhaps not important in the present discussion, they will be considered 
only briefly.
(i) Electrical interactions ; These may prevail in ionic solids. An 
edge dislocation will introduce locally an excess of positive or negative 
charge, and this will occur along the whole dislocation line as an excess 
of alternately positive and negatively charged ions. As a result of 
this the dislocation attracts electrostatically charged impurity atoms
of both signs.
(ii) Chemical or Suzuki interactions - Suzuki, (1957): Suzuki, (1957),
has observed that another type of interaction may arise between a 
dislocation and impurity or alloying solute atoms if the dislocation splits 
into two partials connected by a stacking fault. The basis of this 
phenomenon is the fact that the equilibrium concentration of solute atoms
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within a stacking fault generally differs from the average concentration in 
the bulk of the crystal. This heterogeneous distribution of solute atoms 
should exert a locking force on the dislocations but the range of this 
force will be quite different from elastic interactions,
(iii) Elastic interactions; Cottrell, (1953), has analysed the stress 
field associated with both the edge and the screw dislocation. It is 
assumed that the dislocation is a straight line imperfection in an 
elastically isotropic crystal. The stress is described in terms of 
rectangular co-ordinates x, y and z where the z-axis corresponds with 
the dislocation line. In the case of an edge dislocation, the x-axis 
is taken along the Burger’s vector and thus xz is the slip plane. For 
the edge dislocation the stress component is compressive above the slip 
plane and tensile beneath. For the stress field of a screw dislocation 
where the stress field has a cylindrical symmetry, the stress fields 
are of entirely shear character.
A solute atom has a strain field around it, which may be minimised 
if the solute atom can move to the dislocations. Cottrell and Bilby, 
(1951), have shown that for an interstitial atom such as carbon in iron, 
the position of lowest energy in an edge dislocation .is in the dilated 
region near the core and provided adequate opportunity is given for 
diffusion, this is the most likely place to find such solute atoms in a 
dilute alloy. The same theory is applicable for both interstitial and 
substitutional solutes. A substitutional solute atom smaller than the 
solvent atom would be expected to replace solvent atoms in the 
compressive part of the strain field while a large solute atom would move 
to the dilated region.
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However, there is a very significant difference between an inter­
stitial atom such as carbon in iron and a substi,tci6«fl4  atom such as 
aluminium in copper. As a spherical substitutional solute atom in a 
cubic solid solution alloy results in a symmetrical lattice distortion, 
it will interact solely with hydrostatic stress component. Screw 
dislocations have stress fields entirely of shear character, and so no 
interaction with a substitutional solute such as aluminium in copper 
would be anticipated, provided the solute atoms are indeed spherical.
When dealing with the modification of the dislocation-phonon
scattering on the strain field model as a result of the formation of
Cottrell atmospheres, Ackerman and Klemens (1971) consider only tbc^ 
modification of the thermal resistivity which arises from the edge 
componentà* of .. dislocation? attracting a ’ cloud’ or atmosphere of 
solute atoms around them.
Suppose that the hydrostatic stress of a dislocation stress field 
at some point be p and the change in volume induced by the solute atom 
be Av then the elastic interaction energy Ü which would bind a solute 
atom to that point is given by:
U = p . Av (2.6)
Let a be the size difference between solute and solvent atoms, 
being defined as:
« z Z l l Z s  (2-7)Vo
where v. = atomic volume of the solute atom and v = atomic volume of 1 o
the solvent atom then
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Av = a (2,8)
the atdniic volume v of an atom being defined in terms of the Seitz
r 1-radius = [|jJ ^
Consider a solute atom at distance r from an edge dislocation 5 if 
A(r) is the corresponding dilatation, then the hydrostatic pressure 
of a dislocation field at this point is given by:
= K A(r) (2.9)
where K is the average bulk modulus of the alloy.
In the presence of dilatation field A(r), an expression for the 
potential energy U(r) of the impurity of excess volume otv^  in the strain 
field of an edge dislocation is obtained by sutbstituting (2.8) and (2.9) 
into (2 .6 ), yielding
U(r) = otv^  K A(r) (2 .1 0)
This equation was first given by Cottrell and Bilby (1949).
Elasticity theory gives the dilatation strain A(r) at a point with 
polar co-ordinates (r, 6 ) from the core of an edge dislocation (Fig. 2,1) 
as :
<2 . XI)
where v = Poisson’s ratio and b is the Burgers vector of the dislocation 
and the bulk modulus K is given by
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K = '2 .1 2)
where G = shear modulus.
Thus substituting (2,11) and (2.12) into (2.10) yields expression 
for as:
"(r. 8 ) = '2.13)
where A is a parameter depending on the elastic constants, excess volume 
av^ of the solute atom, and b.
U is positive in the upper half of the dislocation (0 < 6 < it) for
a large solute atom (Av >' 0) and negative on the lower side. This
implies that a solute atom larger than the solvent will tend to be
repelled from the compression side of the dislocation and attracted to
the side in tension where the interaction energy U will be negative. The
maximum binding energy occurs at a point 0 = Sît/^  , r ~ r^ where
r a: 2 X lO-G cm.o
There is a further contribution to the elastic interaction which 
arises from the different elastic properties of the matrix and the solute- 
Friedel, (1964). If an atom of the matrix is replaced by an impurity atom 
of the same size but with different elastic constants, there is no pre­
existing lattice distortion due to the solute atom, but there is an 
attraction between a dislocation and the solute atom because the dislocation 
must do more work if it moves near an elastically harder impurity atom.
Thus, there is an attraction if the impurity is elastically softer than 
the matrix and a repulsion if the solute atom is elastically harder. 
Fleischer, (1963), has worked out the change in energy resulting from this
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type of interaction and the relationship shows that the interaction energy 
between a solute atom and a dislocation is proportional to the difference 
in elastic constants between solute and solvent, and that it varies 
inversely as the square of the distance between the solute atom and the 
dislocation.
When a substitutional solid solution alloy like copper-aluminium is 
plastically deformed, say in tension, not only are dislocations formed 
but also an excess of point defects (e.g. vacancies) is generated during 
the deformation. The point defects can provide a means for the solute 
atoms to diffuse to the dislocations. Experimental evidence of this is 
afforded by the work of Friedman et al,, (1972), where fast neutron 
irradiation was shown to lead to the formation of Cottrell atmospheres 
in two Cu t 9 at. % A1 polycrystals, indicating that vacancies play an 
important role. To affect mobility, the vacancies must attain energies E 
such that
E > e — m
where is the energy required to cause mobility of the solute atoms.
At sufficiently high temperatures, and provided sufficient time is 
allowed for the necessary diffusion, the interactions between solute 
atoms and dislocations cause the solute atoms to segregate round dislocations 
in equilibrium distributions [Cottrell, (1953)], If C^  is the average 
impurity concentration and U(r) the potential energy of an impurity at r, 
then Cottrell, (1953), gives the equilibrium concentration at a temperature
\  as:
C(i>) = Cg e (2.14)
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where k = Boltzmann, constant. From Equation (2.10) the exponent in 
(2.14) is;
® * ifrT (2.16)
Prior to this research work, measurements of dislocation-phonon 
scattering by thermal conductivity techniques have mainly been done on
specimens deformed at room temperature. The equilibrium temperature
then is 300 K as such specimens generally spend long times at room 
temperature and during this time impurities may well move hundreds of 
Angstroms to form atmospheres. Now the value of v^K/k for many solids 
is taken to be 8.4 x 10^ K [Mitchell et al., (1971)].
Therefore under these conditions, the exponent in (2.14) is
A(r) : 300 a AM  (2.17)
Now here one is interested in regions distant 10 to 100 atomic 
spacings from the dislocation core. Now from Equation (2.11)
= 2TT2F for V = I
If b = 1 ’atomic spacing' then for r = 10 atomic spacings, this is 1%
and for r = 100 atomic spacings, this is v 0 .1%,
By equation (2,17) the value of the exponent then ranges from
a
0 ,3a to 3a. The value of the exponent is less than unity for a values
< 0,3 at all distances greater than 10 atomic spacings from the core.
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2.4 The AckerîTtan And KlemenSa (1971), Modified Scattering Theory Based On 
The Strain-field Model
In the previous section it was shown that in the case of deformed 
substitutional solid solution-alloys, a pronounced segregation of 
impurities near an edge dislocation can occur - this is frequently 
responsible for the modification of the mechanical behaviour.
Since the impurities (solute atoms) change the elastic properties of 
the medium, the Cottrell atmospheres will contribute to a change in the 
elastic properties proportional to the strain field. This contribution 
will thus be proportional to the enharmonic changes in the elastic 
properties due to the strain field and can either reinforce or oppose the 
anharmonic phonon scattering of the dislocations.
The theory for this modification considers substitutional impurities 
of mass difference 3 and volumetric mismatch or size difference a where
3 = (2.18)
where M = atomic mass of the solvent atoms and = atomic mass of the 
solute atoms,
a has been defined previously in Equation (2.7) in Section 2.3(iii). 
Ackerman and Klemens consider a to be approximately 3 times the linear 
size factor e when
r - r. ■
r = Seitz radius for solute and r = Seitz radius for solvent atom,
°i °o
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They assume that the impurity concentration C(r) for an atmosphere is 
given by the Cottrell distribution [Equation (2.14)].
C(r) = 0^ gU(r)/kTg^
the average impurity concentration C^ being that prevailing prior to 
deformation.
Further, Ackerman and Klemens assume that the interaction energy U(r) 
between the strain field and solute is that given by Cottrell and Bilby,
( 1949 ) [Equation ( 2.10 ).] .
If A(r) is sufficiently small i.e. r sufficiently large ('v 100 A), 
the Cottrell distribution equation may be written to a good approximation 
as:
C(r)
C(r) - C
1 + U(r)k T.
K
1 + (X A(r)
a
V K
ÎTT” ^  A(r) •a
(2.19)
(2.20)
For sufficiently large distances the modulation C(r) is proportional 
to A(r).
A difference in atomic mass between the solute and solvent atoms can 
produce a change in the local value of the phonon velocity so as to
affect it in the following manner:
V(r) 1 t 3 (C(r) - C^) (2.21)
The anharmonic effect of the
53
strain field causes a change [Equation (2.2)]
V(r) = V t - Y A(r) (2.22)
where is the phonon velocity in the unstrained material
and Y is the GrUneisen constant.
Substituting for (C(r) ~ C^) from (2.20) into (2,21) yields
V(r) = V.
V K1 + o B A(r) (2.23)
The dependence of V(r) on the normal anharmonic scattering and mass 
difference $ can be obtained by combining (2.22) and (2.23) - thus yielding
V(r) = |l - (y + y ’) A(r) (2.24)
where y* * - a 3 (v^K/kT^) . (2.25)
Klemens, (1958), considered Equation (2.24) as completely representing the 
modification due to Cottrell atmospheres. However, Ackerman and Klemens, 
(1971), further considered the perturbation caused by A.^r), the local 
variation of the dilatation resulting from the variation of the 
concentration. Similar notation to that used for accounting for changes 
due to mass difference has been used. Ackerman and Klemens showed ■ 
that
A^ (r) = a . |c(r) - (2.26)
The modified V(r) may be written as :
V(r) = |l + (f, . (C(r) - C^ )] (2,27)
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where ^ = - y o
Substituting for C(r) ~ from (2.20) into (2.27) yields
V(r) = V
V K
1 - Y« . jpf*“ * « A(r) (2.28)
Combining this modification (2.28) with the modifications of V(r) due 
to mass difference and the normal anharmonic scattering (2.24); the 
dependence of V(r) on the normal anharmonicity, the dilatation
field of the atmospheres^and on the mass difference of the atmospheres 
is given by:
V(r) 1 ~ (Y + Y* + Y") A(r) (2.29)
where *01 (v K/kT ) . C = + Ya% (v K/kT ) . C (2.30)o a o o a o
Now, as it has been previously stated, phonon scattering through 
a given wave vector is proportional to the absolute square of the 
corresponding Fourier component of V(r) - and is thus proportional to
(y + y ' + y")^ .
Therefore scattering of phonons by dislocations and the corresponding 
atmosphere is proportional not to but
a <x (y + y' + 
or a “ (y + y'” )^  where y”’ = y’ + y"
(2.31)
(2.32)
and substituting for y* and y" in (2.31) in terms of the defined 
parameters a and 3,Ackerman and Klemens derive
2
0 « Y t (ya^ - «3) . :±lk T y (2.33)
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Thus the impurity atmospheres will lead to enhanced scattering if 
Y”' is positive. It is clear that in any given alloy the sign of the 
volumetric mismatch a may be either positive or negative depending upon 
the alloy. Equally 3 may assume either a positive or a negative value. 
Thus the enhancement in a depends on signs of a and 3 and it further 
depends on the temperature T ,^ the temperature at which the atmospheres 
attained equilibrium with dislocations.
Further consideration of the Ackerman and Klemens predictions is 
postponed until Chapter 7 when a critical exposition is given for the 
theory (a) as it stands and (b) in the light of the author’s results 
presented in this thesis and the experiments of other workers.
2.5 Dependence Of W^T^ On Annealing Time At Fixed T^
It was stated earlier that the segregation of solute atoms is not 
instantaneous but controlled by diffusion. Klemens, (1969), worked out 
the time-variation of with fixed annealing temperature T^ and has 
obtained the following expression;'
1 ~(1 - T^  ;T^ _ )e ^Y t Y*
2, (2.34)
where t^ is the annealing time.
T^ is the initial annealing temperature at time t^.= 0 when the impurity 
distribution was in equilibrium with the dislocations.
T is the new annealing temperature prevailing for some finite fixed 
time t^  and where the decay time is given by:
(2.35)
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where T, 6  ^ , and ] are the measuring temperature forN, the Debye temperature, the atomic volume and diffusion coefficient 
(a function of T ) for the solute in the solvent, respectively.
2.6 Possible Experimental Methods Of Testing The Theoretical
Predictions Of Ackerman And Klemens
For an edge-type dislocation, a dilute Maxwell-Boltzmann impurity 
atmosphere in the long-range strain field can modify phonon scattering 
by the strain field in three ways:
(i) by changing the average density of the dilated region 
(ii) by changing the average dilatation due to the volumetric 
mismatch of the impurity 
(iii) by introducing a dependence on annealing temperature and time, 
since the equilibrium strength of the atmospheres will be a 
function of temperature, and its attainment will be controlled 
by diffusion of solute atoms.
There are a number of possible methods to test the predictions and 
these are as follows;
(a), as the scattering power;.is a" function of solute concentration, one can measure 
WjjT^  in alloys with Cottrell atmospheres at dislocations with varying 
solute concentration.
From Equation (2.33)
1
(a)J which equals
« P + Q. (2.37)(c)2 or
V K
« Y + (yoG - a$) ip=r- . C_ (2^30kTa
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This implies that a graph of vs. should be linear if the 
predictions are correct. Charsley et al., (1968), have measured W^T^ 
in copper-aluminium alloys of different solute concentration and their 
work has already been discussed earlier in the experimental review - 
in fact plots of either or c versus C are equally good fits to the 
data because of the large experimental errors normally involved. Further, 
a positive slope Q in such a linear curve would suggest enhancement in a 
with increasing C^ values. However, this would not fully test the 
validity of Equation (2,33).
(b) Equation (2.36) implies that . Thus consider a deformed
a
alloy in which Cottrell atmospheres have been allowed to form at dislocations 
and are in equilibrium with the dislocations at a particular ageing 
temperature T^ (e.g. T^ = 300 K). The alloy, should, after subsequent 
ageing or annealing at a higher temperature , exhibit a reduction in 
W^T^ , provided (YQ^  - ctg) for the system is positive, and sufficient 
time is allowed for the atmospheres to re-establish equilibrium with the 
dislocations at the higher temperature T^ . The inverse relationship 
would indicate that after complete segregation has taken place at T^ , 
the atmospheres are then dispersed from the dislocations at the higher 
annealing temperature T’ . Mitchell et al., (1971), have used this 
technique and they deformed their Cu + 10 at. % A1 specimen outside the 
cryostat and let atmospheres form at dislocations. Subsequently, they 
measured W^T^ in the usual manner in a standard thermal conductivity 
cryostat. They followed this up by annealing the specimen in a furnace 
at a higher temperature than the previous annealing temperature and 
remeasured W^T^ . The results of Mitchell et al. are discussed in 
Chapters 6 and 7. However, this is an indirect method of testing the 
predictions.
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(c) experimental tests on the annealing-time dependence of which 
is an extension of the Ackerman and Klemens theory could, mirror the 
validity of the predictions.
(d) In none of the techniques discussed in (a) to (c) aJoove is it 
feasible to Introduce dislocations in alloys by deformation without 
the formation of Cottrell atmospheres. If such an arrangement can be 
obtained, then one would get dislocations free from the influence of 
Cottrell atmospheres on the dislocation strain field, so that Y'” 0, 
and a would simply be determined by Y^ . This is the most direct method 
of testing the Ackerman and Klemens theory and studying the effect of 
solute segregation by subsequent ageing. It would also give a more 
accurate picture of dislocation phonon scattering in Cu-alloys, the 
scattering power a would be for a random solute distribution and may 
be representative of the scattering in pure copper. To achieve this, 
has been the aim of the research described in this thesis.
To test the proposed mechanism however, entails deforming specimens 
at temperatures sufficiently low that the solute atoms will not have 
sufficient thermal energy to segregate to the dislocations, thereby 
facilitating the introduction of dislocations without Cottrell atmospheres 
Plastic deformation of alloys at liquid helium temperatures would achieve 
this.
This calls for a special helium 4 thermal conductivity cryostat 
which would enable annealed alloys the thermal conductivities of which 
have been previously measured (and therefore W^T% known) to be 
plastically deformed at liquid helium temperatures and the change in the
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lattice thermal conduction to be determined by making measurements on 
the alloy, without allowing the deformed alloy to age at temperatures 
above the liquid helium range. Changes in lattice conduction would 
then yield a dislocation thermal resistivity or scattering power
0 unaffected by atmospheres. The alloy could then be allowed to age at 
higher temperatures [right up to room-temperatures] and for different 
periods of ageing-time to study the effect of the segregation of solute 
atoms. Measurements of thermal conductivities after the formation of 
Cottrell atmospheres (i.e. after ageing the alloy for sufficiently 
long time say at 300 K, room-temperature) would then yield a value of 
W^T^ or a corresponding to the effect of Cottrell atmospheres and this 
could be compared with values of W^T^ and a obtained from measurements 
on the deformed alloy. If enhancement of scattering is expected in 
Cu-Al alloys (say Cu t 10 at. % Al) then a graph of K/f vs. T for the 
alloy deformed and aged at liquid helium temperatures will have a 
larger slope (lower a and W^T^) than the curve for the specimen aged 
at room-temperature, where Cottrell atmospheres would give rise to higher 
values of W^T^ , To get a comparison of the slopes for the graphs of 
vs. T for the alloys fully annealed, deformed and aged at liquid 
helium temperatures, and aged at room-temperature, has been the main aim 
of this research work.
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Hj-.g» 2.1 Co-ordinates Of A Solute Atom In A Dislocation Strain Field
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CHAPTER 3
THE DESIGN OF THE HELIUM-4 THERMAL CONDUCTIVITY CRYOSTAT
3.1 Introduction
Thermal conductivities of alloys (at liquid helium temperatures) 
are normally determined by the steady state technique discussed in 
Section 1.1 of this thesis. This involves mounting a heater at one end 
of the specimen and measuring the temperature gradient AT/L along the 
specimen by having two sensitive thermometers, usually semi-conducting, 
at a known distance L apart.along the specimen. The thermometers are 
calibrated in the range 1 to 4 K against the vapour pressure of liquid 
helium-4 which is the liquid used as a refrigerant. If Q is the rate of 
flow of heat along a specimen of cross-sectional area A, then the thermal 
conductivity K is given by Equation (1.1) - viz;
K - Q ^A AT
As small temperature differences are normally involved over 
relatively small separation L, the measurements have to be done with 
care, and the only thermal link between the two thermometers must be 
via the length L of the specimen. To keep the specimen thermally isolated 
from any stray heat by conduction and convection and to ensure that L is 
the only thermal linkage between the two thermometers, thermal conductivity 
measurements of alloys in the liquid helium temperature range are conducted 
by maintaining the specimen in a high vacuum, normally to better than 
10*5 torr.
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Figure 3.1 shows the essential features of the usual type of thermal 
conductivity cryostat. The radiation shield, made of brass or copper, 
surrounds the specimen, and the specimen space is evacuated to 10“5 torr.
The liquid refrigerant, liquid helium is not allowed to come in direct 
contact with the specimen and simply surrounds the radiation shield. To 
keep the specimen in thermal contact with the liquid helium, one end of 
the specimen is soldered to a copper block which is in thermal contact 
with the liquid helium. The heater is attached at the other end of the 
specimen which is hanging freely in the vacuum. Most of the heat from the 
heater therefore flows up the specimen to the liquid helium which acts 
as a sink for the heat, losses via heater leads are negligible, as will 
become apparent in the discussion later on in this chapter.
The cryostat needed for the research work of this project will 
obviously be more complicated than and considerably modified from the 
normal standard thermal conductivity cryostat. The cryostat would have 
to have a form of tensometer incorporated with it. Previous workers - 
e.g. Salter, (1966), Leaver, (1969); have deformed their specimens in 
tension on tensometers at room-temperature. Salter, has also given data 
of the 0 values and values (determined by electron microscopy techniques) 
corresponding to the tensile strains introduced in Cu t 10 at. % Al 
specimens similar to those used in this research. Naturally, it is 
desirable to deform specimens in tension so that results can be compared 
with those of Salter and Leaver. Since the specimens are to undergo 
tensile plastic deformation at liquid helium temperatures, the following 
conditions have to be satisfied.
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(a) The cryostat must be mechanically sound so that it can safely 
plastically strain the sample to about 5% at liquid helium temperatures, 
this strain being considered adequate to give detectable changes, if any, 
in the slopes of the 3 relevant Ky^ versus T curves discussed previously. 
Existing Cu-alloy specimens in the laboratory were of 3 mm diameter.
Loads necessary to give a required strain may be minimised by reducing 
the diameter of the samples. However, there is a limit to the 
reduction in the diameter of the specimen^  below which scattering of the 
lattice waves by the external boundary of the specimen may become 
important. It was decided to employ specimens of 1.5 mm diameter.
(b) It should be possible to transmit mechanical motion to the 
specimen from outside the cryostat to enable ’pulling’ or tensile 
deformation of the specimen without impairing the high vacuum.
(c) A balance has to be struck between achieving a high degree
of mechanical stability and the desirability to keep the metal cryostat 
’light’ in weight to minimise its thermal capacity. This is to minimise 
an uneconomical consumption of liquid helium during the cooling down 
process.
(d) It is essential to ensure the maintenance of adequate supplies 
of liquid helium in the Dewar surrounding the cryostat to last for a 
whole experimental run.
(e) It should be possible to pump the gas above the very large 
volume of liquid helium sufficiently fast, and to lower the 
temperature of the liquid helium bath and the specimen to say 3.5 K
to enable reliabj.e calibration of carbon thermometers, necessary for a 
thermal conductivity run. (The choice of carbon thermometry is 
discussed in Chapter 5).
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(f) The metal support rods and tubes running from room-temperature 
to the specimen chamber have to be designed such that the heat input to 
the specimen and the liquid helium are minimised.
(g) The dimensions of the cryostat should be such that it could be
used with the standard-size helium glass Dewars already in use in the
laboratory by other workers.
(h) The specimen should all the time be kept in thermal equilibrium 
with the helium bath. This is difficult on account of the vacuum and
the fact that both ends of the specimen have to be held in grips to facili­
tate tensile deformation and because the grips are connected to 
mechanical support tubes.
(i) It is important to know the correct amount of power giving 
rise to the measured temperature difference AT across the two 
thermometers. Unlike in the standard cryostat, the lower end of the 
specimen is not freely hanging in vacuum. Some heat would therefore 
leak via the lower end of the specimen to the grips and the mechanical 
support tubes.
The next Section 3.2 gives a general description of the cryostat 
used which has satisfied the majority of the above requirements. The 
detailed design considerations and the manner in which the problems 
have been resolved are discussed in the subsequent section.
3.2 General Description Of The Cryostat
The general form of the cryostat is shown schematically in Fig. 3,2; 
and Fig. 3,4 shows the lower section of the cryostat. Plates 3.1 and
3.2 show the corresponding photographs. Both the figures and plates
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attached bear similar letters and numbers to indicate various parts 
discussed in the text.
With reference to Figs. 3.2 and 3.4 and Plates 3.1 and 3,2, the
tensile load can be applied by a screw mechanism at the top of the
cryostat at (A) and the load ife transmitted to the specimen (S), 10 cm 
in length, by the stainless steel tube (B) surrounded by the evacuated 
1" stainless steel tube (C). The load is transmitted (into the evacuated 
space) through the rotating-shaft vacuum seal (D) (Edwards type C 600).
The diagram of such a seal is shown in Fig, 3.5. Fig. 3.6 shows |iow
the load is applied to the specimen.
The specimen S is held rigidly by a massive bottom plate (E) and 
rod (F.)jthe specimen being positioned in grips (4). Plate E is fixed to 
the massive frame-work by 3 pairs of tubes (G) and(H)and, to get mechanical 
equilibrium^the tubes are arranged as shown in Fig. 3.3.
Wlien the specimen is under tension, tubes B and. rod F will experience 
tensile forces w^hilst the tubes C, G and H will be under compression.
The tensile strengths of B and F and the buckling strengths of G and 
to a lesser degree of H and are of prime importance in the design 
consideration of the cryostat.
The heavy frame-work of the massive brass plates (I^ ) and (I^ ) are 
separated by three brass pillars (J) arranged at the vertices of an 
equilateral triangle and the system tends to buckle when the specimen 
is deformed. The frame-work is designed so as not to subject the 
liquid-helium glass Dewar to any stresses when the specimen is deformed; 
the Dewar surrounds the cryostat and conveniently rests just under the 
roof of the brass tube (K). The Dewar is sealed by a tight-fitting
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rubber tube (Jli) which slides between K and the Dewar and held tightly on 
each by two 18 gauge copper wires tied round them. This is to prevent 
the rubber getting sucked in when the Dewar is pumped via the 1” tube 
(M)when the temperature is lowered» The underside of the roof of tube 
K is rubber-padded to prevent the Dewar crashing in contact with it 
when pumping the liquid helium bath.
Within the diameter of *cap ^ K holes are further provided on the 
plate I2 to take (a) a screw-mechanism (W) of a needle-valve (7)
(shown in Plate 3.1), (b) vapour-pressure line (8 ) and (c) two 
"Pirani-type" screw unions; one (9) to take the 'siphon* for purpose 
of liquid helium transfer and the other (1 0) to take a vapour-pressure 
release valve to ensure that the pressure in the helium space in the 
Dewar can be released. Plate N has a small cavity (1) which can be 
filled with liquid helium via the needle-valve 7, Tube 8 is used to 
sense the vapour pressure of the liquid in bulb 1 in the manner that will 
be discussed in the next chapter. The bulb gives a more accurate 
indication of the temperature than the vapour pressure reflected in the 
helium reservoir (helium bath) since the bulb is in closer contact with 
the specimen and the hydrostatic head-pressure effects of the helium 
reservoir and the existence of temperature gradients can give rise to 
spurious readings - Cataland, (1962).
The copper block W is attached to a brass radiation shield 0 acting 
as the specimen chamber and is evacuated by an oil-diffusion pump via 
the tube P to a pressure below 10-5 torr. The design of the pumping 
system is discussed in the next chapter.
The cryostat is surrounded by liquid helium in the Dewar to the 
full capacity of the Dewar - the criteria governing the choice of such
- 67
a high level will become apparent from the discussion given in Chapter 5,
It is convenient at this stage to point out that two different 
cryostats were constructed in the course of this research. It was 
intended previously to position the heater at the bottom of the specimen 
as in the standard method described in Section 3.1. To minimise heat 
loss from the heater through the bottom of the specimen via the bottom 
grip and support tubes and rod; the rod F, disc E and tubes G were 
made of stainless steel. It was envisaged that the top end of the
specimen would be anchored via a copper link to N to maintain the 
specimen at the helium bath temperature. By this arrangement maximum 
specimen length between thermometers could be obtained. The system 
can be represented by an equivalent electrical circuit as shown in 
Fig. 3,7, The thermal potential difference between the top of the 
specimen and the points where the tubes G terminate on N is zero, both 
junctions being at the temperature of the bath. The thermal resistance 
of the specimen S, rod F and the combined parallel resistance of the 
tubes G are designated by Rg, Rp and Rg, The combined resistance of 
Rp and R^ is defined as
Then
%  “ ' Rg t  R^ (S'l)
where = power loss down the specimen via E, F and G
and Q = total measured power of the heater.
The thermal resistance R is given by TAxIkA. where Ax, K and A are the
thermal linking length, thermal conductivity and cross-sectional area of
68 -
each component so that
 ^ - (3.2)
® s  * M ,
Calculation based on Equation (3.2) gives an estimate of the heat 
flow from the bottom of the specimen to be about 20% of the total and it 
was thought that with this heat loss a reasonably accurate correction 
could be determined in a subsidiary measurement in which the bottom of 
the specimen is disconnected from the lower grip. However, this 
arrangement proved unsatisfactory in practice because the low thermal 
diffusivity of the stainless steel resulted in excessively long periods 
for cooling down. It was felt undesirable to use helium exchange gas 
during the cooling down period because of previous experience of the 
subsequent difficulty of eliminating the gas adequately, thus making 
accurate measurements of thermal cunductivity impossible. Thus a 2nd 
cryostat was constructed where the components F, E and G were made of 
copper. This immediately reduced considerably the time required to 
cool down the cryostat, both at nitrogen and at helium temperatures.
In both cryostats, the tubes running from room-temperature (or liquid 
nitrogen temperatures) to the copper disc N e.g. H, and C are made of 
stainless steel on account of the low thermal conduction and high degree 
of mechanical strength of stainless steel materials. However, it 
must be pointed out that certain stainless steel tubes in tensions or 
compression at liquid helium temperatures become brittle. All the 
stainless steel tubes used here must have suitable metallurgical 
properties from this point of view and appropriate Austenitic stainless steel 
(obtained from Oxford Instruments) has been used in this research..
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However, the 2nd, cryostat did pose its own problems which are 
fully discussed in Chapter 5. Although the copper rod, disc and tubes 
F, E and G now in the 2nd cryostat, virtually, short circuit the specimen, 
this could be overcome by the specimen arrangement discussed in the 
next section» The 2nd cryostat is the one that has been used to 
achieve all measurements reported in this thesis and all the discussion 
that will now follow in the rest of this thesis will be applicable to 
the 2nd cryostat unless specified otherwise.
3.3 Some Detailed Points Of Design
(i) The deformation system involving gripping and specimen 
arrangement
At the top of.the cryostat the tube B is rigidly attached to a 
shaft (Q) and tightly fitting through the rotary screw seal D (shown in 
Fig. 3.2 and in the enlarged Fig. 3.6). The upper part of Q is threaded 
(R) to take the brass handle A with a nut (Z), the threaded part never 
being allowed to come in contact with the rubber vacuum seal unit. As 
the handle is turned,longitudinal movement of the spceimen mounted in 
the grips is caused by the action of the nut Z rotating on Q, (Fig. 3.6). 
Rotational movement of the shaft is prevented by having a strip (st) 
with the thread ground away along the shaft (as shown in Figs. 3.2 and 
3.6) so that two screws (Tj^ ,T^) press flush and tightly against the 
strip St. The screws T^, T^  are threaded through two holes in the 
brass tube (U) blanked at the top with a central hole to let the shaft 
Q slide easily up and down. The lower end of U simply rests on the 
massive brass plate Ij which can be demounted since it rests on an 'O' 
ring positioned in the brazed flange (VV) and held by nuts and bolts and
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also ïj is bolted on to pillars J whose lower ends are held by 'O' B.A. 
screws on to However, itself is brazed on to K and C (Fig. 3.2).
By turning the handle A until the nut Z is cushioned and pressed 
tightly, against the upper part of U, slackness in the specimen can 
then be taken off and deformation of the specimen can then begin by 
continued rotation of A.
The rotating screw seal is capable of providing a maximum 
longitudinal movement of 17.8 cm. It is claimed to have a leak tightness 
better than 10“*^ torr litre s~^, The seal proved satisfactory as it will 
become apparent later that the specimens have been elongated to strains 
of up to 6.7% at liquid helium temperatures and strains of up to 5% 
at room-temperature without a noticeable change in the pressure which 
did not rise above 10“® torr. The use of such a seal, therefore, 
satisfies well the requirements (b) of Section 3.1.
Two brass discs are brazed at the ends of each specimen 'v 10 cm 
in length to enable the specimen to be held in the grips 4 of the 
cryostat. The grips are made of brass and are massive as shown in 
the Plate 3.2. The grips have holes drilled through the bottom of
tube D and top of rod F, The grips are then attached to the tube and
rod respectively by stainless steel pins (6) and (5) inserted through 
the holes.
The grips have side slits as shown in Plate 3.2 and the specimen
with its 2 brazed discs can be pushed into the grips via the slits
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and the specimen would lie slack and free in the grips when no load 
is applied. However, the grips are designed so that the openings 
gradually narrow towards the upper-section and lower-section of the 
bottom and top grips respectively until eventually only enough opening 
is allowed for the diameter of the specimen to emerge from the grips. 
When the screw-handle A is turned sufficiently, the specimen is 
prevented from free motion; slackness is thus remedied. The rod F 
passing through a hole in E has a brass disc (12) brazed at its lower 
end so that when slaclcness in the tensile system is removed, the disc 
presses tightly and flush against the plate E. Anti-clockwise 
rotation of A, facilitates the dmounting of the specimen.
To keep the specimen in thermal equilibrium with the liquid 
helium bath, a semi-circular short, annealed copper wire (2 ) of 
18 S.W.G, is brazed at each end of the specimen, approximately 1 cm 
from the brazed discs of the specimen. The ends of the semi-circular 
wire would not then obstruct the ease with which a specimen is demounted 
from and mounted into the grips. The effective length of the specimen 
is thus reduced to ^ 8 cm in length. A thick short copper wire (3) 
is further brazed along the middle of the semi-circular wire - such 
an arrangement is shovm in Fig. 3.4 and Plate 3.3, The other end of 
3 fits into a tightly-fitting hole in an annealed rod (6 1^ made of 
high conductivity and purity copper and screwed into a threaded 
cavity in the base of the copper plate N of the cryostat - Fig. 3.4 
shows this arrangement. The thick wire is held in the tightly-fitting 
hole of rod 6^ by a screw specially made of copper. The rod has just 
enough threads at its end so that when screwed tightly into the plate 
N, the 'shoulders’ of the rod press squarely and flush against the 
smooth surface of the base of plate N. A little low temperature
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varnish (Oxford Instruments type GE 7031) is smeared between the surfaces 
to ensure an even better thermal contact. Such an arrangement which is 
shown in Fig. 3.4 and Plate 3.3 ensures that both ends of the specimen 
are in good thermal contact with the liquid helium bath and thus a zero 
thermal potential exists across the effective specimen length with the 
heater switched off.
By placing the heater approximately half-way along the specimen, 
approximately one-half of the heater current flows along either direction. 
Knowing the position of the heater relative to the effective ends of 
the specimen and assuming that the thermometers are placed along the 
lower end of the specimen as shown in the arrangement in Fig. 3.4 and 
Plate 3.3, then by Equation (3.2), the relation obtained is:
Q * '
Qd ” (3.3)
where Z - effective length of specimen
= distance of heater from effective upper end of the specimen.
= rate of heat flow down the specimen which gives rise to the 
measured temperature difference in the thermometers placed along the 
lower side of the specimen
and Q = total measured heater power of the heater.
One is here interested in the relative differences in the slope of
K/T vs. T curves for one specimen in different states. One is
also interested in the effect of deformation relative to the annealed
^ustate. Any systematic errors in the determination of can be assumed 
to remain constant and therefore do not matter^  but random errors in Q 
are relevant. Detailed discussion on errors is given in Chapter 5.
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The discussion above indicates that the arrangement satisfies the design 
requirements (h) and (i) of Section 3.1. The design of the heater and 
thermometer circuits and mounts is discussed in Chapter 4.
(ii) Further thermal design considerations
(a) Thermal capacity considerations to determine volume of 
liquid helium required for a run
A knowledge of the total heat or enthalpy H of the parts of the 
cryostat enables one to determine the approximate volume of liquid 
refrigerant required. The enthalpy may be derived by integrating the 
specific heat-temperature curve
T
H(T) = U + PV = J Cp dT (3.4)
0
Since - C^ is not a unique function of 6^/T (where 6^ = Debye 
characteristic temperature), but depends on the expansion coefficient 
and compressibility of a substance, a general table of H as a function pf 
T/6p has not previously been compiled. However, for practical
purposes White, (1968), assumes that U = 
approximation.
r dT will be a sufficient
White, (1968), has abbreviated from the Landolt-Bronstein physical 
fu - U 1
tables, values of '— -— ^  as a function of 8 /T.
(1) Helium required to cool central tube B from room-temperature 
to liquid helium temperatures
As stainless steel tube B is surrounded by a high vacuum throughout 
the run, including perhaps during the liquid nitrogen precooling period.
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it is assumed that when liquid helium transfer begins, tube B is still 
at room-temperature.
consider the cooling from 300 1< to 4,2 K of 1 g-atom of stainless 
steel 56 g).
At 300 K, 0^/T = 450/300 (9^  = 450) = 1.5. From the tables given 
by White,
= 3.2 and
hence
Ü3QO “ \  2 ” cal/g- atom.
Considering the dimensions of tube B and taking the latent heat 
of vaporisation of liquid helium as 0.65 cal/cc, the volume of liquid 
helium required to cool B is estimated to be less than one litre.
(2) Helium required to cool F, E, G, H, C and radiation shield 0
As all the above are in good direct thermal contact with plate K, (Fig.3.2)
sufficient pre-cooling will ensure that they are all at liquid nitrogen 
temperatures prior to transfer of liquid helium into the cryostat. It _
was estimated that less than 3 litres of liquid helium'are required to cool
these components to 4.2 K.
Calculations indicated that the total boil-off expected before liquid 
helium is collected in.the Dewar is less than 4 litres - this is taking 
a pessimistic view and is therefore an overestimate. The full helium 
glass-Dewar capacity is of the order of a litre. Hence .about 5 litres 
of liquid helium should suffice for one experimental run.
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(b) Desifffl to minimise heat in-put into the helium
The main sources of heat leaks from room-temperature are 
conduction down tubes B, C and H. The heat conducted down electrical 
leads for the heater and thermometer circuits^  and via radiation through 
the annular vacuum passage between C and H,does not significantly 
contribute to the rate of boil off of the liquid helium collected in 
the Dewar, C, H, 7 and 8 are all cooled down to well below 77 K before 
they make contact with liquid helium. This is because of the cold
helium gas above the liquid.
Equipped with the knowledge of the average thermal conductivity of 
the stainless steel tubes, their cross-sectional areas and overall 
lengths, the total heat-input by conduction can be determined.
Any residual gas inside the tubes will solidify. A calculation 
based on the kinetic theory of gases at very low pressures indicates that 
heat leakage via any residual air at a pressure of 10“® torr in tube 
C due to continuous degassing within the specimen chambers, is of the 
order of 10“? W cm“^.
Considering all the above points, it is estimated that for a helium 
glass Dewar filled to capacity, it should take time of the order of 
six hours before the level of liquid helium falls below the copper plate 
N. This adequately satisfies design requirement (d) of Section 3.1.
(c) Design to isolate specimen from heat-leaks
Any heat-input, however small must be prevented from reaching the 
specimen for reliable thermal conductivity measurements. Heat leakage 
by radiation through the annular-space between B and C is minimised by
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the radiation-baffle as shown in Plate 3.2 and painting the inside of 
tube C with 'Aquadag' - Wheatley et al., (1956). The annular space 
cannot be sealed off because electrical leads pass through this space 
from outside into the specimen chamber. The leads, from room- 
temperature are anchored at liquid helium temperatures before they 
reach the specimen. The methods used are discussed in detail in 
Chapter 4 of this thesis which deals with experimental techniques 
deployed.
(iii) Mechanical design considerations
It has been stated that it is required to plastically deform the 
specimen in tension at liquid helium temperatures by at least 5%,
Charsley et al., (1968), give the room-temperature flow stress for 
Cu t 10 at. % A1 strained by 6% in tension as 'v 21 Kg mm"^. Leaver,
(1969)9 quotes a value of 25 Kg mra”  ^for his Cu + 10 at. % Au sample 
deformed in tension at room-temperature by 6 .2% and from the data 
of Lomer and Rosenberg, (1959), it is evident that a flow-stress of 
15 kg mm“2 is required to deform Cu t 30 at. % Zn specimens in tension 
by 5% at room-temperature. Using specimens of 1.5 mm diameter, this 
would imply loads of approximately 36, 43 and 26 kg for Cu t 10 at. % Al, 
Cu t 10 at. % AU and Cu + 30 at,% Zn deformed at room-temperature for the 
strains specified above.
Now the mechanical strengths of the specimens increase greatly at 
low temperatures. Assuming that the mechanical strength for the alloys 
mentioned above increases by a factor of 3 at liquid helium temperatures 
this would suggest a requirement of a load of ^  140 kg for 5 to 6% 
strains. When considering the design of the various support tulles and 
rods, it has always been aimed at achieving at least a safety factor of 2
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The tensile strength requirements of the rod and tube under tension 
are calculated using values of the ultimate tensile strength at liquid 
nitrogen temperatures.
The buckling strength P of the tubes under compression were 
calculated by using the formula given by Braddick, (1963)^
P = (3.,)
where & = length of tube whose second moment of area is I and E = Young’s
modulus for the material*
For the shape of tubes G, H and C, I is given by Braddick, (1963)
as Î
I = TT------— _ (3.5)
where Rg, Rj are the outer and inner radii of the tube respectively.
P for one of the G tubes was calculated and multiplied by 3 to get 
the effective buckling strength for G. Similarly P for one of the H 
tubes was worked out, multiplied by 3 and added to the P for C to get 
the effective strength of the support tubes at the upper-section of the 
cryostat.
Tubes are preferred for G and H rather than rods in order to 
(a) minimise thermal capacity and heat conduction from room-temperature 
and (b) to get better buckling strength. The tubes are arranged in 
the manner shown in Fig, 3.3.
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(iv) Vacum-seal requirements
Rubber 'O' rings cannot be used in the parts of the cryostat cooled 
to liquid helium temperatures. To achieve a demountable joint between 
the radiation shield and the plate N, an indium ring is used. The 
shield carrying a flange at the top has a 1 mm groove around its width 
so that a ring of 1 mm diameter indium wire can be placed round the groove. 
The shield is bolted on to the block N and when a uniform tight joint 
is made, the indium ring is squashed against the smooth surface of the 
lower part of plate N.
The permanent joints at the lower-section of the cryostat are all 
soldered. Cryogenic leak is a major drawback to any low-temperature 
thermal conductivity worker, and the types of solders used in the 
cryostat should be carefully selected. Croft, (1963), has produced a 
wealth of relevant information in his publication on 'Cryogenic 
Difficulties' and has advised against using a silver based brazing 
solder. Such alloys tend to become porous when heated to high 
temperatures for brazing purposes, Croft highly recommends 'Wood's 
metal*. However, as mechanical strength is important in the cryostat 
of this research. Wood's metal with its undesirable mechanical properties 
could not be used. Neither could the joints be brazed for the reasons 
mentioned. Instead, the relevant joints (1) between the tube C and 
block N, (2) and the seals for the various components of the radiation 
shield are all soft-soldered. The support tubes G and H do not go 
straight through the plate N but rather recessed into the plate and soft- 
soldered, This minimises the number of joints which could give rise to 
vacuum leaks. The other ends of H and G are similarly recessed and 
soft-soldered into the roof of K and disc E respectively,
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Tin-lead solder should be used throughout. Croft regards this 
solder as very reliable provided that no other metals are present in 
the alloy and a proper routine is followed i.e. clean, tin, wash, 
inspect, assemble and clean ~ such a procedure was adopted in the 
making of the cryostat joints.
3.4 Adapting The Cryostat For Residual Electrical Resistivity Measurements
In order to test the effect of the deformation at liquid helium 
temperatures on the residual electrical resistivity values, it is 
important to make measurements on a specimen in the 3 different 
conditions i.e. (1) in the annealed state, (2) deformed at 4.2 and 
determined without allowing the specimen to age above liquid helium 
temperatures5 and (3) aged at room-temperature.
The thermal conductivity cryostat designed will be capable of 
doing this provided 2 criteria are satisfied;
(i) that the specimen is kept in thermal equilibrium with the 
liquid helium bath so that measurements can be made at 4.2 and
(ii) that the specimen at the same time should be electrically 
insulated from the cryostat and the grips.
These requirements can be satisfied by removing the radiation 
shield^  so that the liquid helium surrounds the specimen,which should be 
electrically insulated from the grips. The experimental procedure used 
and the .analyses of the measurements are treated in Chapters 4 and 6
respectively.
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Fig. 3,1
Essential Features Of Standard Thermal Conductivity Cryostat
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Fig. 3.2 is a schematic diagram of the cryostat showing; the 
brass radiation shield 0 attached to copper plate N via indium vacuum 
seal not shown; tube C through which inner vessel is evacuated and 
shaft Q which goes through rotary vacuum seal D and which transmits 
the external load via tube B to the specimen S held in grips 4; 
tube 8 is the vapour-pressure line and 7 incorporates the needle-valve 
arrangement; tube P is connected to a diffusion pump and tube M is 
connected to a helium pump.
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Fig.. 3.2
St. Full-view Diagram of Cryostat
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Caption For Pi%. 3.3
EE* is a plane view of the copper disc E (shown in Fig. 3.2) to 
which 3 support tubes G are soldered and arranged at the vetices of an 
equilateral triangle. Rod F passes through a central hole in E.
NN* is a plane view of the copper block N shown in Fig, 3.2. Tube
B passes through a central hole in N and the 1’* tube C soldered to N is
arranged to be concentric with tiibe B. Tubes H are in line with tubes G.
KK’ is a plane view of the 'cap* K (shown in Fig. 3,2). 9 and 10
are holes provided in K to take the liquid helium transfer tube and the
vapour pressure release-valve.
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Fig. 3.3
Plane View Of Cryostat Showing Tube Arrangements
10
Caption For Fig, 3.4
Fig. 3.4 shows the specimen arrangement and the lower section of 
the cryostat in detail.
S is the specimen held in grips 4 connected to tubes B and rod F 
by stainless steel pins 5 and 6. The heater is situated approximately 
half way along the specimen whose both ends are thermally anchored to 
copper block N via high conductivity copper links 2 and 3. The whole 
volume contained by the radiation shield 0 and copper plate N is 
immersed in liquid helium.
- 83 -
Fig. 3.4 Diagram Of Lower-Section Of Cryostat
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Caption For Fig. 3*6
A is the brass handle carrying nut Z* When A is turned, rotational 
movement of shaft Q is prevented by two screws Tj and T2 pressing flush 
against the flattened strip of the shaft.
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Fig, 3,6
Diagram Showing How Load Is Applied
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Caption For Fig. 3.7
represents the total heater power
represents heater power flowing up the specimen S of thermal
resistance R
Q_ represents heater power flowing through rod F and tubes G
of thermal resistance Rp and R- respectively.
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Fig. 3.7
Equivalent Electrical Circuit To Show Thermal Currents When Heater Is
At The Bottom Of The Specimen
/K
Zero thermal potential
Q„ = Q - Q,U
Caption Fop Plate 3.1
Plate 3.1 shows the external features of the cryostat.
Q is the stainless steel shaft carrying handle A.
T} T% are two screws preventing rotation of Q and passing through 
holes in brass tube U.
are 2 thick brass plates separated by 3 support brass pillars J,
F is connected to a diffusion pump and M to a rotary pump.
8 is a vapour pressure line connected to manometers (not shown) and 
W is a needie-valve screw, 10 is a hole to take the helium transfer tube.
L is a rubber tubing fitting tightly round the cryostat ’cap' K,
0 is a 1" stainless steel tube and H are 3 stainless steel support 
tubes. C and H are soldered to copper plate N which is attached to 
radiation shield 0 via a demountable indium seal.
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Caption For Plate 3.2 
Plate 3.2 shows the lower section of the cryostat in detail.
C is a 1” stainless steel tubing.
H are 3 stainless steel support tubes.
7 is a tube containing the needle-valve arrangement.
Cj H and 7 are soldered to copper plate N,
4 are two grips made of brass and carrying stainless steel pins
5 and 6.
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Caption For Plate 3.3
Plate 3.3 shows the attachments to the specimen in detail.
2 and 3 are high conductivity copper links attached to the 
specimen S.
Plate 3.3
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CHAPTER 4
EXPERIMENTAL DETAILS
4.1 The Specimen
Substitutional solid solutions of Cu + 10 at. % A1 and Cu + 10 at. % Au, 
in the form of wires 1,5 mm diameter were used for the purpose of 
investigation into this project. Table 4.1 gives the mean composition 
of ingots and grain-size measurements of the specimens used.
The reason for choosing Cu t 10 at. % A1 is as follows:
If the theory of Ackerman and Klemens (1971) were correct* the 
greatest differences in the slopes of K/T vs, T curves for the 3 relevant 
sets of measurements for a particular Cu-Al specimen should be exhibited 
when using a sample of high aluminium concentration i.e. 8% to 15% aluminium. 
Cu + 10 at. % A1 was the alloy of highest aluminium content available in 
the laboratory at the time of this project. Further Salter, (1966), had 
done a lot of work on such an alloy and had given the c values for his 
rocm-temperature deformed Cu + 10. % A1 samples. The alloy used here 
came from the same batch as that used by Salter.
Cu + 10 at. % Au was chosen because Copper-gold has a more massive 
monovalent solute atom of Au. Leaver (1969) had already done considerable 
work on Cu t 10 at. % Au deformed at room-temperature and the alloy used 
here came from the same batch as that used by Leaver.
The alloys used were supplied by the International Research and 
Development Co. Ltd., who also carried out the chemical analysis. The 
Cu-Al alloys were prepared by melting together OFHC copper and
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spectroscopically pure aluminium in a graphite crucible. The melt 
was stirred in an atmosphere of high purity argon and the alloy was drop- 
cast into a graphite mould* After the outer layers had been machined 
away to reduce contamination* the ingots were swagged and drawn down by 
the manufacturers to 3 mm in diameter. A similar procedure was 
adopted in the manufacture of copper-gold alloys* spectroscopically 
pure gold and copper being used.
For the purpose of this work* the specimens were drawn down to 
1*5 mm diameter to reduce the deformation stresses necessary to give 
the required strains. The drawing down was done by the help of the 
Metallurgy Department - University of Surrey. The specimens were 
swagged on a Rotary swagging machine and tapered to go through an 
appropriate die. For each specimen* enough tapered length was left 
on its off side for clamping it into the grips of a Hille wire drawing 
machine. Approximately 10 cm lengths were cut from the wires for 
thermal conductivity specimens.
The specimens were annealed in the manner described below. The 
speciraen-conditions for the special measurements required in this 
research* are given in under ’sample history’ in the Tables 6,1 to 6.5 
in Chapter 6 where the results of the respective runs are given.
The specimens were annealed using a Vacseal VS2 1200*C Vacuum Furnace 
(Metals Research Ltd.). In such a furnace, the specimens are placed in 
a porcelain dish in the furncae tube which is continuously evacuated 
during the anneal. The samples were annealed at 750°C under vacuum of 
better than 10”  ^torr for 14 hrs’. and then furnace cooled under vacuum.
In this manner it was ensured that the samples were fully annealed - 
Leaver* (1969)* (1966) - and the measurements of the annealed
- 92 -
samples could then be compared with confidence to those of Leaver and 
Salter.
The attachments of brass discs on to a sample, the mounting and 
specimen arrangement in the cryostat have been described previously,
4.2 The Design Of The Heater And Its Mount
A threaded copper rod was brazed to a copper disc. This in turn
was brazed to an unthreaded copper rod such that the unthreaded rod 
was at right angle to the threaded rod. This formed the mount as 
shown in Plate 3.3 and in Fig. 4.1. The other end of the unthreaded 
rod was turned down and brazed half-way along the specimen so as to
have a well-defined contact with the specimen and its separation from
the ends of the specimen thus easily measured.
The heater was made of 47 S.W.G, electrically insulated nichrome 
wire wound round a copper former and the heater was thermally anchored 
to the former with the aid of a low-temperature varnish - GE 7031 which 
does not crack at low temperatures - McTaggart and Slack, (1969), and 
Anderson, (1969). The ends of the windings of the coil of the heater 
were soldered to two separate insulated tinned copper wires which 
facilitated easy soldering to the 44 S.W.G. nichrome connecting leads.
The former with the heater was screwed along the threaded rod of 
the mount, a ring of indium being squashed between the base of the 
former and that of the mount to ensure good thermal contact - Kreitman, 
(1969).
Plate 3.3 and Fig. 4.1 clearly shows the important features of the 
heater, its mountings and attachment to the specimen.
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4.3 The Design Of The Thermometer Mountings
The thermometers were 100 ohm (Vioth W) Allen Bradley carbon 
resistors which fitted reasonably tightly in a copper-sleeving turned 
out of a small copper block. The sleeving was such as to cover and 
embed tightly the body of the resistor which had been soaked in GE 7031 
varnish ; which when allowed to dry and settle, ensured good thermal 
contact with the thermometer and the block. Besides housing the 
sleeving, the copper block had a hole drilled through it and through 
which passed a 6 B.A. copper screw so that each block could be clamped 
to a copper tag brazed on the specimen - the arrangement is shown in 
Plate 3.3, The separation of the tags of 2 to 2.5 cm formed the gauge
length L. Good thermal contact between the copper block and the
copper tag was ensured by crushing a small length of indium between the 
two copper surfaces. This method of fixing the thermometers was 
preferred to soldering with Wood's metal as it saved the resistors from 
being heated above room-temperature which could have altered the 
electrical characteristics - Salter*(1966).
4.4 Experimental Techniques And Precautions For Reliable Thermal
Conductivity Measurements
Any heat input via the stainless steel tube B was diverted to the 
liquid helium bath before reaching the specimen by a thick copper wire
(X) whose one end is soldered on B (as shown in Fig. 3.4) and the other
anchored at the copper plate N by soldering the wire to a copper post 
in thermal contact with N. Several such wires X were in fact used and 
were maintained fairly slack so as not to damage easily the solder joints 
when the tube B was in tension.
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Twenty-four of 30 S.W.G. enamelled* cotton-covered constantan 
wires entered the top of the cryostat at P through a black wax vacuum 
seal at P (Fig, 3.2 and Plate 3,1); Only 10 such wires were needed 
for thermal conductivity measurements, but precautions had to be taken 
to ensure that sufficient leads in working order were available all the 
time for all envisaged runs on a long-term scale. Out-side the 
cryostat, the constantan wires were connected to three 8-way plugs 
immersed in an oil bath - screened copper cables being used between 
these plugs and the electrical measuring apparatus.
The constantan leads entering through the black wax seal at P 
were taken down the cryostat via the tube C used for evacuating the 
specimen chamber; heat flow down the cryostat being minimised by the 
poor thermal conducting material (constantan) of the leads. On entry 
into the specimen chamber the leads were thermally anchored to plate N 
by wrapping each individual lead several times around a copper post in 
thermal contact with N and painting the leads in position with GE 7031, 
The leads were then made to terminate at the teflon post (Plate 3.2) 
where each individual lead passed through a fine hole in the teflon and 
varnished in position. About half-meter length coils of nichrome 
wire were soldered between the constantan leads and the thermometers and 
heater. This was to isolate the specimen from heat leaks via the 
constantan wires not sufficiently well diverted to the liquid helium 
bath. Further the long coils of nichrome wires minimised the heat 
leak from the heater. 52 S.W.G. nichrome wires were used as current 
and potential leads for the thermometers and 44 S.W.G. nichrome for 
the heater, the 44 S.W.G. being more suitable than the 52 S.W.G, to 
carry relatively 'larger' currents necessary for the heater.
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The set-up sufficed for all the sets of experiments for each 
specimen, the nichrome leads being replaced only when setting-up a 
new specimen.
4.5 Design Of The Electrical Circuits For Thermal Conductivity
Measurements
Essentially two potentiometric techniques have been employed; 
one for ascertaining the temperatures of the thermometers by measuring 
values of electrical resistance of (or the voltage-drop across) the two 
carbon thermometers and the other for determining the heater-power.
In both instances, the Tinsley type 5545, 4-range high precision 
Stabaumatic potentiometer has been employed. This instrument reads 
on its lowest range in nanovolts. It was not used however for 
discrimination down to a nanovolt but used only to detect changes to 
10-7 and 10-8 volts.
Fig. 4.2 shows a schematic circuit diagram for the Stabaumatic 
potentiometer. An essential part of the instrument is the mains 
operated automatic current-controller which provides the potentiometer 
current stabilized within two parts in lO®. In the potentiometer 
current circuit, is a standard resistor across which the potential is 
built-up in 2 million steps by seven conductance dials which are 
calibrated in volts. The standard resistor is taped to provide the 
potentiometer ranges and the design is such that there are no current 
carrying switches in the potential circuit. The conductance dials 
have a volt drop across them equivalent to the e.m.f. of a standard 
cell - this enables coils to be used of much higher resistance than in 
a conventional potentiometer. Three standard cells are provided inside
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the potentiometer* one is used to provide the standardising e.m.f. for the 
potentiometer* the other two cells provide a reference voltage for the 
current controller.
Fig, 4,3 shows the external connections of the potentiometer.
The detector used for both circuitry in this work has been the Tinsley 
type 5214 photocell galvanometer amplifier with a type MS2/45 secondary 
galvanometer having a suspension coil of 450 ohms to ensure maximum 
sensitivity. A thermal compensator (Tinsley type 5214 A) was connected 
between the potentiometer and the galvanometer amplifier* in the 
detector circuit and this was used to balance out any thermal e.m.f,’s
generated in the external circuits.
The thermometer measuring circuit is shovm in Fig. 4.4. The 
resistances of the two W^lOO ohm Allen-Bradley thermometers were
obtained by comparing the voltages developed across each one with that 
developed across a fixed wire wound standard resistor of nominal
value 1*000 ohms (Tinsley type 3504 D) immersed in an oil bath* and in
series with the two thermometers. The length of the 52 S.W.G. nichrome 
wire connecting the two thermometers in series was such that it presented 
effectively an infinite thermal path compared to the thermal conductivity 
of the gauge-length of the specimen between the two thermometers. All 
the calculated values of the resistances of the two thermometers were 
relative to an assumed value of 1*000 ohms for the standard resistor.
A measuring current of 1 microamp was used throughout and a 0-10 
microammeter was employed to indicate the current. The current was 
obtained by connecting the thermometers Rj^ Rg and a 2 megohm series 
resistance across a 2 volt 90 ampere hour accumulator of the standard 
plante type.
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The arrangement with the null detecting circuit is shown in Fig,
4.4, A reversing switch (Tinsley type 4092) was incorporated in the 
circuit to enable both direct and reverse current readings to be taken 
to eliminate thermal e.m.f.'s which were usually of the order of a few 
microvolts. The potentiometer current from the controller was passed 
through the reversing switch by suitably connecting the current and 
voltage leads from the controller via the switch to the terminals of 
the Stabaumatic potentiometer - an appropriate arrangement ensured that 
when the thermometer current was reversed, the controller-current was 
also reversed. The circuit was found to be very sensitive to stray 
electric fields. It was thus necessary to screen the potentiometer, 
the galvanometer and the leads as thoroughly as possible - screened 
copper cables being used throughout the external circuit. Further, 
the potentiometer and the electrical measuring apparatus were shielded 
with rectangular pieces of polystyrene to help maintain a steady 
temperature. The use. of a double-pole double-throw switch facilitated the 
by-pass of the thermometer current through a dummy thermometer which was 
connected to the external circuit and independent of lead connections 
inside the cryostat. Thus in case of a current-circuit failure, the 
dummy circuit could be used to check if the fault was due to the external 
connections•
The circuit for the measurement of the heater-power is shown in 
Fig. 4,5. The dummy heater circuit could be used for the same purpose 
as that of the thermometer dummy-circuit, but more important, here it 
enabled the current from the accumulator to stablise when the heater 
was not on. The same Stabaumatic potentiometer was used for the 
heater circuit. The potentiometer has 3 pairs of potential terminals.
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the first two pairs were permanently used for the 2 thermometers. The 
3^^ pair was connected to a thermal-free selector switch which had 
facilities for connecting potential leads of (a) the standard resistance 
used in the thermometer circuit (b) the standard resistance used in the 
heater circuit and (c) the heater. The heater power was obtained by 
measuring the voltage across the heater and across a 10,000 ohm standard 
resistance (Cambridge Int. Co. type L 407150) in series with it. It 
was not necessary to reverse the heater current as the voltages 
developed were such that the thermal e.m.f.'s were negligibly small.
The current supply to the heater was of the order of 75 microamps, to 
100 microamps and was supplied by a 2 volt* 90 ampere-hour battery 
similar to the one used in the thermometer circuit, A suitable 
arrangement of rheostats and resistance boxes in series enabled to step 
the heater current up and down* a 0-100 microammeter being used to 
monitor the current.
The arrangement of the heater leads is as shown in Fig. 4.5. It 
is assumed that half the heat generated in the current carrying nichrome 
connecting leads goes to the heater. Thus by using only one separate 
potential lead and using one of the current leads as also a potential 
lead, this accounted for any heat generated in the leads - Hoare et al.* 
(1961), On the other hand as stated previously, calculation of heat 
loss down the leads from the heater shows that it is negligible.
4.6 The Design Of The High And Low Vacuum System
The pumping system used is as shown in Fig. 4,6. It has been 
designed such that the water-cooled Edwards oil vapour diffusion pump, 
type EOl series backed by the single stage rotary pump (Edwards type 
ISP 30 B) is capable of evacuating the entire system. However, during
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a run* the arrangement of the valves enabled the space of the liquid 
helium bath, the 1" helium pumping-line, the vapour pressure bulb and 
its line and the limbs of the manometers used for displaying the helium 
vapour pressure; all to be isolated from the diffusion pump. The 
diffusion pump could then be used to pump the specimen chamber and the 
back of the manometers to a pressure of 10~5 torr. If a tolerable leak 
had occurred in the back of the manometers, it was possible to isolate 
this from the specimen chamber and the diffusion pump. The back of 
the manometers could then be pumped by the special helium-pump (Edwards 
type ES 200) and subsequently the back of the manometers isolated 
before displaying the vapour pressure of liquid helium in the vapour- 
pressure limb of the manometers. However, if a leak arose in the 
specimen chamber, the run had to be abandoned.
The low pressure helium line was similarly designed so that the 
helium space and the helium pumping line could be isolated from the 
helium vapour-pressure limbes of the manometers and the vapour pressure 
bulb which in turn themselves could be isolated from each other.
As speeds were of paramount importance in the helium pumping 
system, the vacuum line was designed to be wide and as short as possible 
Yarwood, (1967), 1” Yorkshire copper tubing being used for this purpose 
and Yorkshire tubing for the high vacuum line. A pirani gauge 
(Edwards model 2A) with model M6A head was used to indicate the pressure 
in the backing side of the diffusion pump; a penning gauge head - model 
5MF being used to measure the pressure in the high vacuum side. 
Facilities were provided on the backing side of the diffusion pump 
for easy evacuation of the space between the walls of the helium glass 
Dewar via the glass tap of the Dewar and for evacuation of the standard
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'siphon’ or metal transfer tube used for the purpose of liquid helium 
transfer. A 0-20 torr dial capsule gauge (Edwards type C6 3) was 
incorporated in the backing side of the diffusion pump. This was used 
for rough leak detection, to monitor rough vacuum pressures and to 
measure pressures of exchange gases to be admitted into the space 
between the walls of the helium Dewar. Evacuation of the Dewar and 
the transfer tube was carried out only by the rotary backing pupp.
The glass manometers with their glass taps were designed with sortie 
care to satisfy the desired requirements. The pyrex tubing was made 
of g” bore and connected to the metal vacuum lines by means of ’metal- 
glass-fused’ connectors. Mercury was used in one of the. manometers and 
Apiezon oil in the other pair of manometers (Fig. 4,6). However, only 
the Hg manometers were used in the present work. A large reservoir 
was incorporated with the manometers to capture the fluids in case a 
leak developed in the helium vapour pressure limbs of the manometers.
Further a blow-off valve was fitted on the line of the helium vapour pressure 
limb to operate when the pressure in the helium line rose to above 
100 cm of Hg pressure. The blow-off valve was designed similarly to 
those used in the old-fashioned railway steam engines and the design 
is shown in Fig. 4.7.
4.7 Procedure For Thermal Conductivity Run
The experimental procedure described here was the method employed in 
getting the results given in Chapter 6. Any special additional experimental 
technique used to get some of the results discussed in Chapter 6 i.e. 
runs associated with specimen B (Cu t 10 at. % Al) aged at different 
Cryogenic temperatures, will be described as and when the results on 
runs of specimen B are discussed in Chapter 6.
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Having mounted appropriately the specimen into the cryostat and 
wired up the thermometers and heater, the circuit was then electrically 
tested. The flanges of the radiation shield and the base of the 
copper block N of the cryostat were cleaned to ensure them free of 
scratches so that the indium ring was seated properly. Having 
mounted the radiation shield (specimen chamber) and bolted it to the 
block N, the specimen chamber was evacuated to a pressure of 10'"^  torr 
and leak tested making allowances for any degassing that might have 
occurred. The vapour pressure bulb was then checked for leak 
tightness - a pressure rise (measured on the manometers) of about 
2 cm Hg in 2-4 hours is tolerable. Next; it was ensured that the 
manometers could be pumped down to 10~^ torr - although this was not 
critical, it was highly desirable that the manometers were leak tight 
so that there was no need to pump the back of them continuously 
throughout a run.
The concentric silvered glass Dewars, were then put-up to surround 
the cryostat ~ the Dewars had parallel unsilvered strips on either side 
of them and the Dewars were aligned such that the helium space could 
be viewed through the window to follow the level of liquid helium 
surrounding the cryostat. The top of the inner, helium Dewar was 
vacuum sealed to the cryostat by means of a rubber tubing held in 
position by 18 gauge copper wires as was discussed earlier. The 
helium space was then pumped by the special helium rotary pump ES 200 
to check for satisfactory leak tightness and then was let back up to 
air pressure. The system was then ready to run.
The heliim Dewar was furnished with a glass tap by the manufacturers 
and this facilitated periodice flushing and evacuation of the vacuum
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space. Two centimeters of air as exchange gas was let via the glass 
tap into the helium Dewar vacuum space and a further 1 cm of air was 
let into the specimen space to accelerate cooling to liquid nitrogen 
temperatures. In neither cases was helium gas ever used as an exchange 
gas, air being used in both instances. The reasons are (a) it is 
difficult to effectively pump away helium gas; and any residual gas in 
the vacuum space of the Dewar and the specimen chamber will be a source 
of heat leak to both the liquid helium in the Dewar as well as to the 
specimen on account of the very good thermal conductivity of helium 
gas. It is clear therefore, that at all cost; helium gas must not be 
used as an exchange gas in the specimen space if reliable thermal 
conductivity measurements are to be aimed at; (b) helium gas in the 
specimen space can significantly alter the characteristics of the 
carbon thermometers - Hoare et al** (1961).
The nitrogen glass Dewar was then filled with liquid nitrogen and 
keeping it topped up, the cryostat was allowed to cool to 77 K - the 
pre-cooling to 77 K taking something like 8 to 10 hours.
When at about 77 K, all the electrical circuits and vacuum spaces were 
checked again. The specimen chamber and the back of the manometers were 
pumped to a pressure of better than 10“  ^torr with the aid of the 
diffusion pump. The exchange gas was then pumped out of the vacuum 
space between the walls of the helium Dewar, using a rotary backing 
pump down to 10”  ^torr. The glass tap was then shut. The specimen 
space was then continued to be pumped by the diffusion pump ; continuously 
monitoring the pressure on the Penning gauge and maintaining the level 
of the liquid nitrogen in the cold trap and in the nitrogen Dewar at 
all times throughout the run. The apparatus was then ready to cool 
to liquid helium temperatures. The liquid helium transfer from the
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transport Dewar into the cryostat was then carried out in the standard 
method, the whole transfer taking about 30 to 40 min.
Immediately after the transfer procedure had been completed, a 
blank-off valve carrering an’O' ring was put in the siphon hole of the 
cryostat cap, the other hole being left free for about five minutes 
before placing a bunsen valve into it. Time was allowed for the 
apparatus to settle down to 4.2 K, the resistance of the thermometers 
being continuously monitored by the displayed voltages on the galvanometer, 
The large thermal capacities offered by the copper support tubes G, 
rod F and disc E entailed waiting for long periods of time before 
measurements could commence. The problems so encountered and their 
resolutions are fully discussed in Chapter 5. The boil-off rate was 
such that when equilibrium conditions had been attained by the entire 
cryostat (i.e. including the specimen), sufficient liquid helium was 
left to last for four hours. The resistances of the thermometers at
4.2 K had values of about 800 ohms and a thermal conductivity run then 
proceeded as follows:
Some liquid helium was introduced into the vapour-pressure bulb 
by opening and shutting the needle-valve of the cryostat as quickly as 
possible - if too much helium were introduced into the bulb subsequent 
control and measurement of temperature became extremely difficult. The 
temperatures of the specimen and thermometers were then determined by 
displaying the helium vapour pressure in the bulb on the previously 
evacuated vapour pressure limb of the mercury manometer via the vapour 
pressure line, the helium bath being isolated. The vapour pressure at
4.2 K in the bulb was measured on the mercury manometer by a carefully 
adjusted and levelled cathetometer (arranged to minimise back-lash) and 
reading to 0.001 cm - the cathetometer was a type 2 , supplied by the
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Precision Tool and Instrument Co. With the heater switched off, a 
thermometer calibration point at 4.2 K was taken by measuring the 
voltages developed across each thermometer and a standard resistor 
when a current of 1 pA was flowing.
The next step was to lower the temperature of the cryostat to
below 4.2 K.
The helium rotary pump was switched on. The ’speedivac* fine 
control needle-valve behind the Manostat, was opened a small amount 
so that the pump was pumping, through an originally evacuated helium 
line, a lot of gas from the helium space. The boil-off hole in the
cryostat cap was gradually shut and vacuum sealed, the pressure on
the manometers being monitored - any significant pressure increase 
being off-set by opening the needle valve more to pump away the boiling 
off gas. When the system was sealed completely, the needle valve was 
adjusted so that the temperature was slowly being lowered to 4.1 K - a 
period of 10 minutes to lower by 0.1 K ensured that all the parts of 
the cryostat were following the gradual temperature decrease of the 
helium bath. The pressue at 4.1 K was trapped in the diver manostat 
and instead of using the needle-valve, the manostat was used to 
maintain the temperature conrolled by pumping - White (1958); the bath 
pressure was continuously observed on the mercury manometer during this 
operation, the vapour pressure bulb being isolated. After allowing 
five minutes for the system to reach equilibrium, the vapour pressure 
bulb was connected to the manometers, the bath and the pump being 
isolated from the manometers - a thermometer calibration point was 
then taken in the manner previously described.
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Next, the temperature of the specimen was further lowered by 0.1 K 
as has been described. Calibration points at 0.1 K intervals were 
taken until a sufficient number had been achieved to enable a reliable 
thermal conductivity measurement to be made - the first measurement 
normally being made at 3.9 or 3.8 K. Immediately after a calibration 
measurment at 3.9 or 3,8 K, the heater was switched on and the current 
adjusted to give a ~ 0.2 K temperature difference between the 
thermometers. Ten minutes were allowed for steady state conditions to 
be established and then the heater power and thermometer voltages were 
potentiometrically measured as has been described previously. The 
temperature of the cryostat was then lowered by 0.1 K intervals and 
conductivity measurements made say at 0.2 K intervals. Calibration 
points to as low down as 3.3 or 3.4 K enabled 2 to 4 good, reliable 
thermal conductivity measurements to be made and the boil-off rate of 
the liquid helium was such as to enable such measurements to be achieved 
in four hours before running out of liquid helium.
A 'deformation run’ was always incorporated with an ’annealed run’
so that the same sets of calibration points of the calibration run could 
be used for the two thermal conductivity experiments. An annealed 
thermal conductivity run was normally conducted down to 3.6 K say,
achieving one or two thermal conductivity measurements. An "annealed"
calibration point was then taken and this was immédiatley followed by 
deforming the specimen. The specimen was then released from tension 
and allowed to settle down, A calibration point was then re-taken and 
if all was well the pair of calibration points after deformation would 
have coincided within experimental errors with the pair of calibration 
points taken immediately before deformation. A reliable deformed 
thermal conductivity measurement could then be taken. The run usually
— 106 —
proceeded without interruption to secure more calibration points at 
temperatures below the deformation temperature to enable yet another 
deformed-thermal conductivity measurement to be made before running out 
of liquid helium.
The actual strain in the specimen was determined by comparing 
two fiducial marks on the specimen in the annealed state before the 
run and in the deformed state after the run* The new values of the 
size factor (b/ )^ were always used in determining thermal conductivity 
results for the deformed and aged specimens.
The major disadvantage experienced in the method discussed is
that the number of thermal conductivity measurements that could be
taken for a particular run was limited. This was because, a period
of ij to 2 hours had to elapse before the taking of measurements on
account of the large thermal capacities of components E, F and G of
the cryostat. During this time 'v 25% of the liquid helium supply had
evaporated. Again, the apparatus had to be cooled slowly from
4,2 K downwards to ensure that the specimen and the relevant components
followed the bath temperature and the calibration and conductivity
measurements had to be taken with considerable care and over a period
of time as has been described above. However* in this particular
work, it is not necessary to have many measurements for a particular
run^  as only relative conductivity values for a specimen in different
states are sought. Strictly speaking using Ly as a point, only one.
o^
measurement for the“annealed"run and one for the"deformed"and aged states 
respectively would be sufficient to show any significant effects on the 
K/^ vs. T curves provided the measurements were reliable. Although, 
the procedure described in this section yielded limited measurements,
107
they were, however reliable. For example, it was necessary for 
the calibration points for both the "annealed" and "deformed"
runs (which were done in one experiment) to lie, within experimental 
errors on one smooth nearly linear curve. In all the measurements 
given in Chapter 6 , calibration points were worked out while the run 
was in progress, and it could be judged whether or not all was well 
from the calibration curves.
The 1958 helium vapour pressure scale of temperature was used, due 
to Hoare et al.*(1961), to convert the measured pressures to the ,
absolute scale, Hust, (1969), justifies the validity of this calibration,
4,8 Procedure For Residual Electrical Resistivity Measurements
Assuming the validity of the Wiedemann-Franz law for the specimens 
investigated, it was necessary to have a knowledge of the residual 
electrical resistivity values. A series of Cu-Al alloys - 2 to 10 
at. % Al were immersed in liquid helium and measured at 4.2 K by 
using a Solatron Digital Voltmeter in conjunction with a Keithley 
Nanovolt Amplifier - the circuit used is shown in Fig. 4,8, This 
investigation was for the purpose of verifying the compositions of the 
Cu-Al Alloys. The residual electrical resistivities of specimens A and 
B of Cu + 10 at. % Al and specimen D of Cu t 10 at. % Au were measured 
by immersing them in liquid helium in the transport Dewar and using the 
stabaumatic potentiometer, the circuitry used being similar to the 
thermometer circuity. The results of the measurements are given in 
Chapter 6 ,
In both types of apparatus, a current of about one ampere provided 
from a stabilised D.C, power supply was passed through the specimen
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and through a standard milliohm resistor and the voltages developed 
across each of them compared. In all measurements5 a thermoelectric 
free reversing switch was used to eliminate thermal e.m.f.*s by
employing both direct and reverse currents.
The Cu t 10 at. % A1 specimen C was mounted in the thermal conductivity 
cryostat and in the 3 different states of the specimen was determined ~ 
(i) annealed (ii) deformed and aged at 4.2 K (iii) and aged at room- 
temperature <after deformation)for sufficiently long time. The specimen
C was electrically insulated from the grips and the cryostat by spraying
its ends with an insulating dupli-color satin black lacquer (supplied 
by Dupli-color Ltd.) and the specimen was kept at 4,2 K by doing away 
with the radiatioh shield and surrounding the specimen with liquid 
helium coolant. The current and potential leads were then taken out 
through one of the holes in the cryostat cap, thereby obviating the 
need to interfere with the black-wax seal through which thermal 
conductivity electrical leads pass. The stabaumatic potentiometer 
was used for the measurements here.
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Table : 4.1
Composition Of Specimens
Specimen
Mean Composition 
of ingot 
(at. % of solute)
Grain Size
Transverse
Cross-Section
in Microns 
Longitudinal 
Cross-Section
10 A1(A,B and C) 9.12 120 150
10 An (D) 9.90 135 150
Fig. 4.1
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Thermometer Circuit
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Fig. 4.5 Heater Circuit
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Fig. 4.8 Electrical Resistivity Circuit Using D.V.M.
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CHAPTER 5
THERMOMETRY, DISCUSSION OF EARLIER RUNS AND TREATMENT OF EXPERIMENTAL
ERRORS
5.1 Cryogenic Thermometry
The vapour pressure of a liquid is a rapidly varying function of 
the temperature. Fortunately, the vapour pressures of the commonly 
used cryogenic liquids have been measured and tabulated as a function 
of the absolute thermodynamic temperature so that for cryogenic work 
vapour-pressure thermometry forms a reliable scale of temperature.
Thus, over the temperature ranges 1 to M-,2 K, the vapour-pressure of 
liquid helium can be used to claibrate resistance or thermoelectric 
thermometers.
Cataland, (1962), has comprehensively dealt with *temperature’ 
and the ’problems’ of vapour-pressure thermometry. Much more recently, 
Rubin, (1970), has extensively reviewed the general art of cryogenic 
thermometry,
5.2 Choice Of Thermometry
Three basic types of thermometry have in the past been used by 
thermal conductivity workers at liquid helium temperatures - these are
(i) Ga As diodes (to a very small extent) (ii) germanium resistance 
thermometers (fairly widely used) and (iii) carbon resistance thermometers 
(very widely used).
It is important to define clearly the temperature range of the 
measurement and the most important condition is that the thermometer
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must display a high degree of temperature sensitivity in this range. 
Secondly, its therraometric property must be simply related to temperature 
and further the thermometric property should be able to be measured as 
simply as possible. For thermal conductivity work, the thermometer 
should have low thermal capacities and it 'is highly desirable that the 
characteristic governing its thermometric property and temperature 
should be reproducible and not susceptible to thermal cycling.
= (i) Ga As diodes
These would have been neither sensitive nor reproducible enough for 
the purposes of this work.
(ii) Germanium resistance thermometers
Publications by Claiborne et al., (1956), Ahlers et al., (1966) 
and Schriempf, (1966); have attempted to give good analytical treatment 
of electrical resistance-temperature characteristics of such thermometers. 
It is a widely held belief that germanium thermometers exhibit excellent 
reproducibility in their electrical characteristics on thermal cycling.
Such a claim has been supported by the reports of Blakemore et al., (1962), 
and recently by Osborne et al., (1957), Sinnamon (1972), has 
substantiated these reports - at least for measurements in the liquid 
helium temperature range. However, Sinnamon points out that the main 
objection to the use of such thermometers is the difficulty in mounting 
such massive devices in a thermal conductivity apparatus; the larger 
thermal capacities of such thermometers resulting in a prolonged time to 
reach equilibrium. However, in any case these thermometers would not
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have been suitable as cryogenic sensors for this research work on account 
of their relatively poor sensitivity in the temperature range 3.3 to
4.2 K compared to the sensitivity of carbon thermometers,
(iii) Carbon resistance thermometers
These are composed partly of graphite either in the form of a film 
or composition. They may be treated as semi-conducting materials.
This is because, even though a single crystal of graphite would behave 
as a poor metallic conductor in one direction, semi-conducting properties 
are exhibited along the other direction.
Colloidal carbon films were used as early as 1938 in California - 
Giauque et al., (1938), - as cryogenic sensoring devices and was followed 
in the ensuing twenty years by many applications of dry carbon blocks 
or colloidal suspension of graphite for very low temperature thermometry. 
An interesting example is that used by Mendelssohn and Renton, (195 5), in 
thermal conductivity experiments of superconductors at 1 K. A further 
development in 1947 was the application of commercially prepared crabon 
resistances by Fairbank and Lane (1947).
Shortly after this, Clement and Quinnell, (1950), reported on the 
successful results of their search for a commercial carbon thermometer of 
the normal cylindrical type, which has a high sensitivity and 
reproducibility at low temperatures. They found that the radio-type 
resistor manufactured by the Allen-Bradley Co. display a resistance which 
varies rapidly with temperature particularly below about 20 K.
Allen-Bradley (radio type) carbon resistors have been used as 
thermometers in the research work described in this thesis on account 
of their established virtue of high sensitivity at liquid helium
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temperatures. However, their drawback is that because of their 
composite nature they show hysteresis effects due to thermal cycling 
and according to Lindenfeld, (1962), this is particularly apparent for 
resistors immersed directly in liquid helium during their cycling.
However, this problem was resolved in this research work by recalibrating 
the thermometers in each thermal conductivity run. Again, the thermometers 
were prevented from thermal shock and were never allowed to be in direct 
contact either with the liquid helium or with helium gas. According to 
Lindenfeld, (1962) 5 under these circumstances reproducibility should be 
of the order of 0,1 % or the equivalent of a few millidegrees at 4 K.
In this research work reproducibility was better than 0 .1%.
Here, 100 SÎ, (0.1 W) Allen-Bradley resistors were used. With a 
measuring current of 1 pA and thermometer resistance values of 800 to 
1600 ^ in the investigated temperature range, joule heating is estimated 
to be less than 10*’® Watte, The 'heater power was Watts.
It seems, therefore, that the only drawback whose satisfactory 
resolution has not yet been discussed is the lack of a simple mathematical 
equation for carbon resistors accurately relating resistance and 
temperature.
Many authors have given equations relating resistance to temperature 
for carbon thermometers. Pearle et al., (1956), Rayne,(1956), Nicol and 
Seller,(1957);and recently Belcombe et al.,(1970). However, the 
treatment given by Clement and Quinnell (1952) has been preferred in 
this research work. Such an equation due to Clement and Quinnell has 
successfully been used by many workers e.g. Salter, (1966) and Leaver 
(1969) and below is given a description of the manner in which the 
equation was applied in this research work.
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Starting from a semi-conductor formula, Clement and Quinnell 
developed the following semi-empiracal formula for the behaviour of 
carbon resistors in the liquid helium region.
= a^  IS.l)
where R is the resistance in ohms of the carbon thermometers, T the 
absolute temperature and parameters a and b are constants according to 
Clement and Quinnell. Both a and b are determined experimentally.
iGSio RFrom an early set of calibration data, graphs of '
versus log R were drawn for each resistor and for the pair of 10
matching (nearly identical characteristics) thermometers employed in the
the measueements of this research, the graphs were approximate straight
lines nearly identical in shape. A meein value of the slopes of the two
graphs was chosen, the same for both resistors, thus fixing the value
of a which was used subsequently in all experiments. Using the formula
quoted above, and this value of a, values of b were calculated for each
calibration point corresponding to the measured resistance R at
temperature T displayed by the vapour pressure of liquid helium. The
values of b thus obtained for each calibration point were then plotted
against log^^R for each resistor; a smooth curve being drawn through the
points in each case. These graphs of b versus log^^ R are referred to
as calibration curves and used to find values of b^  and b^ corresponding
to the resistance R and R of the upper and lower thermometers for a1 2
thermal conductivity measurement. The values of b and b are then1 2
used in Equation 5.1 in conduction with the measured values of R  ^and
R^  and chosen value of a to evaluate the respective thermal conductivity
temperatures T and T - thus AT = T - T and T = i (T + T ),are.1 2  1 2  1 2
obtained.
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Sousa, (1968), suggests an alternative method of carbon resistance 
thermometer calibration. Sinnamon, (1972), has explored the validity 
of Sousa’s mathematical expression and whilst acknowledging it to be 
comparable to Clement and Quinnell method in yielding reliable thermal 
conductivity measurements, Sinnamon did not favour this approach to 
carbon thermometry calibration as the amount of sifting of the data 
needed in Sousa’s methematical expression implies that the calibration 
can only be worked out after the run is completed. The author of the 
research of this thesis therefore has rejected Sousa’s method as it 
was desirable here to employ a calibration method which would give a 
running indication of how a run was progressing - the Clement and Quinnell 
procedure fulfills this desire.
It is clear therefore, from the argument that followed in this 
section that carbon thermometry (and using Clement-Quinnell calibration 
technique) offered, the most advantages.
The effect of the calibration curves using such thermometry on 
thermal conductivity will be discussed later in this chapter when dealing
with results of earlier runs and the difficulties of the cryostats and
further discussed in Chapter 6 ,
5.3 Results Of Earlier Runs And Difficulties Of The Cryostats
(i) Tests on the first cryostat
Whilst success was achieved in condensing helium in the cryostat, 
the rate of boil-off was such that the cryostat could not retain the 
liquid for more than 4 to 1 hour after the transfer had been completed. 
Moreover,there was an audible resonance that occurred during the transfer
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which was worrying. It was feared at first that the heat-input via 
the tensile deforming tube B from room-temperature was causing the 
excessive boil-off - this implied a serious miscalculation and 
misjudgement of the design consideration as the tube B was a necessary 
feature of the cryostat and was thus not expendable. To test these 
fears, the tube B was removed from the cryostat and instead a short 
(1 foot long) rod was used to seal the cryostat at the top, through D.
A run was repeated without any tube running from room-temperature into 
the experiment. However, no significant decrease in the boil-off rate 
was detected and the rate of boil-off was such that the cryostat needed 
replenishing with the liquid only after 45 minutes.
It was then considered that the problem may have been due to 
insufficient precooling of the stainless steel disc E and stainless 
steel tubes G. It was possible that even though liquid helium had 
been collected, the temperatures of E and G were not very much below 
room-temperature. This was plausible as no exchange gas was used in 
the specimen space (which was continuously being pumped down to 10“'® torr) 
The only means that E and G had to cool to liquid nitrogen temperatures 
was via the very poor thermal conduction of the stainless steel tubings,
The theory was verified by arranging a copper-constantan thermocouple 
(the 30 S.W.G, available constantan leads in the cryostat being used).
One juction was varnished at liquid helium temperatures (at the base of
copper block N) and the other at the disc E, The test indeed verified
the theory.
It was considered that this problem might be resolved if the disc 
E was thermally shorted to block N via massive copper wires (3 wires were
used) varnished at both ends. Soldering or brazing of the wires
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were avoided at that stage for fear of affecting other soldered vacuum 
joints and thus magnifying the existing problems. A run attempted with 
this arrangement proved encouraging. The liquid helium was maintained 
in the cryostat for over six hours.
However, it was decided to abandon the cryostat and build another 
one with modifications in the design as has been explained earlier; E,
F and G being made of copper and suitably arranging a system to thermally 
anchor tube B at liquid nitrogen temperatures before allowing it to 
enter the experimental chamber.
Before rejecting the first cryostat however, experiments were 
made to test its suitability to deform specimens to strains of about 
5% and to do so without impairing the vacuum of lO”® torr in the specimen 
chamber, and further for the helium space to be adequately pumped to 
enable the temperature of the bath to be sufficiently lowered for 
calibration purposes. The results of the experimental tests admirably 
satisfied these design requirements,
(ii) Preliminary experimental runs with the second cryostat
Preliminary tests revealed that the boil-off rate in the second 
cryostat was such that when the helium glass Dewar was completely filled 
with the liquid, it took over six hours before the level of the liquid 
helium fell below the top of the radiation shield.
Experiments were then undertaken to deform a 1.5 mm diameter brass 
specimen at room-temperature to calibrate the screw at the top of the 
cryostat in terms of the strain in the specimen, the strain being- 
measured by comparing the separation of two fiducial marks on the specimen. 
Such a calibration curve is shown in Fig, 5.1 and was used to estimate
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roughly the strain in specimens deformed at liquid helium temperatures in 
future experiments and it gave a good indication of the strain introduced 
in the specimen.
Next, a run was conducted to plastically deform by 5% another 1.5 mm 
diameter brass specimen under a vacuum of 10~® torr and at liquid helium 
temperatures. This was successful, the vacuum screw-seal proving 
effective with no detectable deterioration in the high vacuum. The 
liquid helium bath was then pumped and its temperature was successfully 
reduced to 2.7 K.
The results of the experiments proved that the majority of the 
essential design requirements were satisfied. Next, an attempt was 
made to measure the thermal conductivity of an annealed commercial brass 
specimon whose thermal conductivity was roughly known. However, the 
measurements were unsuccessful as a leak in the vacuum space arose at 
liquid helium temperatures. The leak was only apparent at liquid 
helium temperatures and seemd completely cured at room-temperatures,
The leak was finally pinpointed to pin-holes in the joint where the tube 
C was soldered into the block N, Cryogenic leaks presented major 
problems initially. Apart from them, leaks in the pumping lines and 
glass manometers were also encountered, a tesla coil being used to test 
the glass-system. However, once the leaks were successfully cured in 
the early stages, no further vacuum problems arose again in the course 
of this research, apart from once due to unsatisfactorily setting the 
indium-ring, the seal itself never failing due to thermal cycling,
A thermal conductivity run was carried out on the brass specimen 
whose both ends were held in the grips but only the top of the specimen 
anchored via a copper-wire to the block N directly; and the heater placed
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near the lower end of the specimen to increase the length. The idea 
was to minimise the heat-leak from the heater do\m the specimen via 
the longer-thermal paths of the copper support tubes G. Measurements 
between 2.8 and 4.2 K were made and the results were in reasonable 
agreement with the expected values. However, a graph of K/^ vs. T 
yielded a scatter which was unacceptable. More than a dozen thermal 
conductivity runs were undertaken without any significant improvement 
in the scatter.
It was suspected that the scatter was due to heat leaks down the 
tube B and which were not sufficiently well diverted to the bath. An 
experiment was conducted with the same specimen arrangement but with 
the top-end disconnected from the upper-grip and thus isolated from B. 
However, no significant improvement was observed.
It was then thought that because of large thermal capacities offered 
by the copper tubes G, disc E and rod F, these copper components were not 
in thermal equilibrium with the helium bath temperature during measurements 
Hence it was possible for heat currents from the disc E to flow up the 
specimen whose upper-end was anchored to the helium bath. This meant 
that the specimen was not in equilibrium with the bath temperature 
during measurements - hence the errors. To test this idea a carbon 
thermometer whose resistance values at liquid helium temperatures 
were known, was varnished to the disc E. The resistance displayed by
this thermometer when the specimen chamber was surrounded by the liquid 
helium confirmed this theory.
It was finally decided to have both ends of the specimen anchored 
to the block N via copper wires with the heater positioned in the middle. 
Then when cooling the system slowly and with sufficient care, this would
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ensure that when a measurement is taken the entire system could be 
assumed to have reached equilibrium conditions. The specimen arrangement 
and the experimental procedure adopted for the results given in Chapter 6 
have been comprehensively dealt with previously in Chapters 6 and 4 
respectively. A vs. T curve for an annealed run on a Cu + 10 at. % A1 
(specimen A) is shown in Fig, 6,2 and compares well with Salter's curve 
for a similar specimen.
The commercial brass specimen whose value was lower than that 
normally expected for a Cu t 30 at. % Zn system was not used again for 
thermal conductivity measurements given in Chapter 6 , once the cryostat 
was working satisfactorily - the previous difficulties partly being 
attributed to the low value of of the specimen giving smaller values 
of the lattice contribution of thermal conductivity.
However, prior to conducting experiments discussed in Chapter 6 , it 
was thought essential that the thermometers used should be reliably 
calibrated when thermally in contact with the bath to yield standard 
calibration curves. These could be used subsequently in a controlled 
thermal conductivity experiment to indicate when it could be assumed 
that the specimen was in thermal equilibrium with the bath. To achieve 
such standard calibration curves, the thermometers were mounted on a 
specimen which was not connected to the grips and in direct thermal 
contact with the helium bath. An annealed high purity copper specimen 
was used. Its top-end was sufficiently threaded to screw tightly into 
the block N, so that the flat collar of the specimen pressed against the 
smooth surface of N,a little varnish having been smeared between the two 
surfaces. A V-shaped copper tag brazed on the rod carried two 
thermometers which were from the same packet as supplied by the Oxford 
Instruments. Experiments revealed that they were both we11-matheed with
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each other. Careful calibration runs were conducted. Differences were 
observed between calibration runs performed when the vapour-pressure limb 
of the mercury manometer was all the time isolated from the ES 200 
pump and in the experiment when it was periodically pumped before 
displaying the vapour-pressure. This revealed that the two sets of 
calibration curves were parallel to each other but displaced along the 
logJO R axis - this was interpreted as due to minor leaks in the 
vapour-pressure limb of the manometers. The calibration curves obtained 
with the limb pumped are referred to as the standard calibration curves 
Sj S2 for the two thermometers and are shown in Fig, 6.1 in the next 
chapter. The standard calibration curves Sj S^, were used to indicate 
the smooth running of all subsequent thermal conductivity runs where 
the same pair of thermometers as used in the standard calibration was 
always used. The experiments were always conducted with the vapour 
pressure limb periodically pumped as was explained in Chapter 4 of 
this thesis.
5.4 Treatment Of Experimental Errors
The results, interpretation and analysis of measurements on the 
Cu + 10 at. % A1 and Cu + 10 at. % Au used, are given in the next chapter 
of this thesis. Tliis section, deals briefy with experimental errors 
associated with such results.
The thermal conductivity K of a specimen was determined by the 
equation
K - Q ' LA . AT
The accuracy of T^  and hence AT was dependent on the determination
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of the values of ’b’ from the calibration curves of the measurement of 
the resistances of the thermometers. Now, the resistances of the 
thermometers were accurate to ± 0.1 ohm as estimated from the fluctuations 
of the resistance occurring during the period necessary for a thermal 
conductivity measurement. Systematic errors apart, values of ’b’ 
are known to ± 1 part in 15,000 assuming one reads them from the 
calibration graphs to ± 1 mm. Use of the Clement and Quinell formula 
yields uncertainties in values of b of the order of 0.03%, Although 
this does not apply to the actual value of T, it can be used to estimate 
the error in AT = Tj ~ '^ 2 “ this error was calculated to be of the order 
of 1% in the temperature range of the measurement, assuming AT to be of 
the order of 0,2 K.
Measurements of the size factors were made using a PT I type 1 
cathetometer for the thermometer separation L and a micrometer screw- 
guage for the diameter. Taking the finite thickness of the specimen 
tags and brazed fillets into account, the accuracy of the size factor 
was between 2 to 3%. However, errors in the size factors will affect 
values of K in the same specimen in an identical fashion and so will 
not, for example affect relative changes between the slopes of Ky^ 
versus T for one specimen in deformed and different ageing conditions. 
However, when there is occasion to compare values of the slopes obtained 
for different specimens, then the error in the size factors must be 
included. Again, strictly speaking, one should have allowed for the 
change in size factors due to thermal contraction between room-temperature 
and liquid-helium temperatures. However, this correction has not been 
applied for the same reasons as stated above.
The random errors in the electrical resistivity measurements were 
estimated to be about ± 0.04% and compared to the size factor errors
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(as has been discussed previously), these were deemed negligible. Size 
factor errors in measurements would not affect comparision of 
relative changes in the slopes of K/^ versus T curves for the deformed 
and aged conditions of a particular specimen. Nor would size-factor 
errors affect the results of values for specimen C (Cu t 10 at.% Al) 
which was mounted in the cryostat and measured in the annealed, 
'deformed at liquid helium-temperature* and 'aged at room-temperature’ 
states. This is because the current and potential lead connections 
were not altered for the 3 sets of measurments and any errors in the 
size-factor were therefore constant.
The random error in Q due to potentiometric measuremnnts of Q was 
estimated to be negligible when using the high precision stabaumatic 
potentiometer for this purpose. The uncertainty in the actual value 
of flowing dovm the specimen to give rise to the measured AT when the 
heater was attached at the middle of the specimen was estimated to be 
of the order of 0.05% - however, this error will be constant for a 
given specimen when comparing the relative changes in the slopes of 
Ky^ vs. T curves in the deformed and different ageing states - hence 
such errors in now way invalidated the observations made in this research, 
Other errors in Q could have arisen from heat loss by radiation from the 
heater, or condcution down the leads or from heat produced in the 
current leads. In the unlikely event of the heater temperature rising 
to 15 K, the radiation loss would have amounted to less than 0,05% of 
Q. Calculation of any heat loss down the heater leads showed it to 
be negligible. Joule heating in the current leads was accounted for 
by the arrangement of the heater leads as has been discussed previously. 
Thus the maximum error incurred in the determination of 0 was not more 
than ± 0 ,2%.
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Thus, apart from errors in the size factor, the error in the value
of K will assume a maximum Value of not more than ± 1.3%. Taking the
errors in the size-factor into account and uncertainty in accurate
knowledge of Q^, absolute value of the conductivity are
estimated to have an accuracy of ± 4%. Drawing the calibration graphs
as shown and discussed in Chapter 6 , the random error in T was calculated
to be negligible. It was assumed that any systematic errors in T were
unlikely to be more than a few millidegrees and hence errors in T
itself will be neglected. It will be observed that relative changes
in the slopes of the 3 relevant Ky^ vs, T graphs for a particular
specimen under test are at least of the order of several percent -
the smallest % change between the annealed and deformed states being
about 10% which is more than the maximum estimated error of ± 1.3%,
From this discussion it is evident therefore, that in the experiments
described in this thesis, errors involved in the measurements of K for one
particular specimen are acceptable. Errors quoted in the values of the
slopes B and hence W^T^ and W^T^ in Chapter 6 , are not determined by
assuming a maximum calculated error of ± 1.3% in K but rather calculated
by using Ly as a point and drawing straight lines between this point 
^o
and each individual experimental point. Several values of B were 
thus determined for each curve and the largest difference between these 
values and the quoted value for the slope of the best-fit line was 
taken to be error in the slope.
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Fig. 5.1
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CHAPTER 6
RESULTS, INTERPRETATION AND ANALYSIS
6.1 Introduction
In this chapter the thermal conductivity results for alloys 10 A1 
and 10 Au are presented and the form of the v s . T graphs are 
discussed. The analysis of the results is critically considered with 
respect to the experimental results of other workers. In addition, 
the results of Cu + 10 at. % Au are compared with and used to elucidate 
the interpretation of Leaver's 1969 results on such alloys. The results 
and analysis of residual electrical resistivity measurements are also 
included,
6.2 Summary Of Thermal Conductivity And Electrical Resistivity
Experimental 'Runs'
(i) Specimen A - Cu t 10 at, % A1
A total of 5 experiments were made with this specimen, A^ and Ag 
were electrical resistivity measurements and A^, A^ and A^  ^were thermal 
conductivity measurements, ' Measurements for A^ and A^ were made 
using the same pair of calibration curves - indeed measurements for the 
annealed and deformed states of each specimen investigated were obtained 
using one pair of calibration curves,as has been explained previously. 
Table 6,1 gives sample history and respective results for specimen A, 
measurements for A^ and Ag being given under A^ and A^  ^respectively 
and in Table 6,5, The graphs of versus T for A^, Ag and A,^ are 
shown in Figure 6,2,
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(ii) Specimen B ~ Cu + 10 at, % A1
A total of 9 experimental runs was performed, were electrical
resistivity measurements» results and sample history for which are given in 
Table 6.5 and also incorporated under results for and Eg respectively 
in Table 6,2, Table 6,2 gives sample history and thermal conductivity 
results Eg to inclusive. The V t versus T curves for the 7 runs in 
specimen B are shown in Figure 6,4 and on an expanded scale in Figure 
6.5, whilst Figure 6,3 displays versus T curves for B^ , Eg and B^ .
In Bg the specimen was aged at 200 K, the warming up process could not 
be controlled and therefore the temperature as displayed by the carbon 
resistance thermometers was taken to be the ageing temperature and ageing 
time was assumed to be of the order of minutes at 200 K. This is the
time it took to measure the resistance of the thermometers. The carbon
resistance thermometers were calibrated in a separate experiment from 
room-temperature to - 60*0 by surrounding the radiation shield with a 
bath mixture of solid CO^ and alcohol and noting the resistance of the 
thermometers as the temperature of the bath mixture, indicated by an 
alcohol thermometer, progressively fell. Such a calibration curve is 
shown in Figure 6,10; the experimental points 1, 2, 3 are those measured 
in Bg over a period of 20 minutes - the higher temperature represented 
by 1 being taken as the ageing temperature 190 ± 10 K for as long as the 
specimen was above point 3,
(iii) Specimen C - Cu t 10 at. % A1
Three residual electrical resistivity experiments and Cg
were made on C under different conditions as described in Table 6,3 
which also presents the results of the measurements.
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(iv) Specimen D ~ Cu t 10 at. % Au
A total of 5 runs was performed on this specimen, Dg being 
measurements incorporated in thermal conducitivity results 
respectively in Table 6.4 and given in Table 6.5. Table 6.4 presents 
results for thermal conductivity measurements , Dg and with the 
respective sample history and Figure 6.6 displays the versus T 
curves for Dg and D^ .
6.3 Graphical Presentation Of The ^/T Versus T Curves And The
Consistency In The Form Of Results
The procedure adopted by Lomer and Rosenbergy of using as a
point to guide the drawing of versus T curves has consistently been 
used here.
Examination of Figure 6.2 shows that the value of the slope of 
A^ is appreciably smaller than that of Ag, Consistent behaviour is 
indicated in Figure 6.3 for a similar specimen deformed by greater 
plastic strain. Study of curves for specimen D - Cu + 10 at. % Au as 
shown in Figure 6.6, reveals that the results for 10 Au are consistent 
in form to those of 10 A1 specimens. Again, the pattern of curves for
specimen B shown in Figure 6.4 and 6.5 indicates that the slopes of the 
curves to show a steady decrease with ageing of the specimen at 
higher temperatures up to room temperature ~ these results further 
reflect consistency in the pattern.
The interpretation of these results is discussed comprehensively 
in Section 6.5 of this chapter.
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6.4 Reliability Of The Results And Discussion Of Systematic Calibration
Errors
During calibration, it is assumed that the thermometers are at the 
temperature of the copper block N and that the vapour pressure of the 
helium in the bulb 1 corresponds to that of the block,
A heat leak into the specimen could give rise to errors associated 
with the thermometers not being at the same temperature as that of the 
copper block. Such a heat leak can arise from several causes:-
(i) both ends of the specimen itself not sufficiently well anchored 
at the copper block 
(ii) heat current down the tensile tube B and not adequately 
diverted to the helium bath
(iii) heat leak via connecting leads and
(iv) self“heating of carbon-resistors.
Errors may also be caused due to poor contact between the thermometers 
and the specimen. Again errors may arise if the disc E and tubes G do 
not follow changes in temperature of the copper block N simultaneously 
as the specimen does.
The experimental arrangement and procedure described in Chapters 3 
and 4 of this thesis minimised errors of the type discussed above.
The empirical criterion adopted by Charsley et al.,(1965), for 
valid results is that thermometer calibration values of 'b* should 
deviate from the standard values by less than ± 0,1% in the investigatedu 
temperature range - the deviation obtained from run to run was such 
that the empirical criterion is well satisfied. It was found that it 
was imperative to adhere to the thermal conductivity experimental
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procedure discussed previously to secure reliable calibration points. 
Figure 6.1 shows the pair of standard calibration curves and the 2 pairs 
of calibration curves one pair for annealed and deformed runs of
specimen A and the other for annealed and deformed measurements 
of specimen B, It is observed that the calibration points a^, b^ for 
the two thermometers immediately before deformation and a», b after 
deformation and prior to the measurement of thermal conductivity in the 
deformed states of the respective specimens are such that to a good 
approximation the points are coincident on the curve. Moreover, the 
calibration curves for the annealed and deformed states of the specimen 
are uninterrupted, the curve continuing smoothly almost in a linear 
fashion, comparable to the standard calibration curve. The exhibited 
scatter in the calibration points :f , Ag and B_, B" about the standard 
calibration curves is typical for the calibration points obtained in all 
measurements of specimens A, B and D.
Good agreement has been obtained between the results of annealed 
thermal conductivity measurements of the specimens investigated in this 
research and those that have been obtained for annealed specimens of 
similar residual electrical resistivity values by other workers using
standard thermal conductivity cryostats. Salter's, (1965), /^«p versus T
curves for Cu + 10 at. % A1 annealed specimens of similar to those of 
specimens A and B are shown as dashed lines in Figures 6.2 and 6.3 
respectively.
From the discussion on random errors in the previous chapter, it 
was estimated that the maximum total error in the slope of the ^/t 
versus T curves is about 1,5% (or 4% taking account of size factor 
errors and uncertainty in values). Observed changes in the slopes 
between the deformed and aged at room-temperature measurements are of 
the order of 30%. Moreover, the smallest differences in the slopes
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i.e. between annealed and deformed curves are at least 10% ~ appreciably 
larger than the maximum estimated random error.
The arguments that have been put forward in this section show that 
all the observed changes in slope are real.
6.5 Analysis And Discussion
(i) Copper aluminium alloys
The results of experiments on specimen A and D give values for the 
ratio of the dislocation thermal resistivity of and to those of 
Ag and Bgj these are 5.3 ± 0.9 and 5.9 ± 0,9 respectively and are 
given in Table 6.6. The enhanced scattering observed for the room- 
temperature aged specimens is interpreted as due to the segregation of 
solute atoms to the dislocations- segregation of impurity atoms not 
being physically possible in Ag and Bg. Possibilities that the 
observed changes may be due to changes in the electronic thermal 
conduction were eliminated by residual electrical resistivity measurements 
^1® ^2 ^3 Ob sample C of Cu + 10 at. % Al. The experimental
measurements have revealed no significant changes in values, within 
the experimental error, between the specimen deformed at 4.2 K and that 
allowed to age at room-temperature. The estimated error due to 
measuring technique was found to be ± 0.003 #0 cm, size factors not 
contributing to errors^  as the current and potential leads were left 
undisturbed for the three sets of measurements.
The values of W^T^ for specimens aged at room-temperature for 
sufficiently long time are approximately ' the same as those 
obtained for alloys of similar aluminium content strained by 
similar amount at room temperature by. other workers
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e.g. Salter, (1966),obtains a value of 1390 cm for his Cu + 10 
at. % Al sample deformed by 6% at room-temperature. Therefore, it may 
be assumed that the value of a for specimens A^ and would be the 
same as Salter’s value of 1.7 x 10"? cm^ for Cu + 10 at. % Al,
Using this value for a and the experimentally determined values of W^T^ 
for A^ and B^ , dislocation densities introduced into A and B were calculated 
to be 6.5 ± 2.6 and 11.9 ± 4.0 x 10^ cm“  ^respectively. As the 
dislocation thermal resistivity for a random solute distribution is 
known from Ag and Bg, the dislocation phonon-scattering power for a 
random solute distribution (which will be called o^) is calculated to 
be 0.32 ± 0.15 and 0.29 ± 0.13 x 10”? cm^ respectively for the 
two specimens. These values are in good agreement with each other 
within experimental error and may to a good approximation be regarded 
to be representative of the scattering in the pure metal - Thus,
apart from small variations in y, (the Gruneisen coefficient), ~
and may be assumed to have a unique value for all a-phase substitutional 
solid solution copper alloys plastically deformed at liquid helium 
temperatures and not aged outside the liquid helium temperature range 
subsequent to the deformation. The values of the ratios (a). : (c),%  A 3
and that of (a)_ * (#)% were calculated to be 5.3 and 5.9 respectivelyn? 153
and given in Table 6.6. An average value of 5.6 for the ratio is taken 
as the enhancement scattering factor due to solute segregation for the 
Cu + 10 at. % Al system. The mean value of = 0.31 x lO"? cm^ 
is representative for the scattering in a copper alloy with random 
solute distribution,
Charsley et al., (1968) have plotted a graph of 0 versus aluminium 
and zinc content for their copper-aluminium and brass specimens 
plastically deformed at room-temperature. The graph is shown in 
Figure 6.7 and Charsley et al., have suggested the following alternative
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interpretations ;
• (i) if the best straight line is drawn through the values of a 
for the Cu-Al specimens, a value of 0.8 x IQ”? cm^ for pure 
copper is obtained. This would imply that the value of o for the 
Cu-Zn alloy decreases with increasing Zn content. This is indicated 
by the dashed lines in Figure 6.7.
(ii) if the maximum estimated errors for the individual values 
of a for the Cu-Al alloys are considered, a minimum value of a = 0.3 x 
10”? W”  ^cm  ^ for pure copper is deduced. This leads to the 
conclusion that a is virtually independent of Zn content in a-brass 
and this is indicated by the solid lines 4 and 5 in Figure 6.7.
The values of obtained for specimens B and A in this research
work are represented on the figure by the points . , X with the minimum 
error bar + and maximum error bar T respectively. It is apparent that
the plotted values of o_ for A and D would favour the second suggestion
1of Charsley et al. An alternative approach is to consider the ratio
+ 10 at.% Al= "cu- "cu/10 Al= average
this research work equals to 5.6 and examination of Figure 6.6 shows
that when considering the solid line 5 (second possibility of Charsley
et al.) the ratio is equal to 6 which is not very different from the
value of 5.6 obtained from the present research work. It may, therefore,
be concluded that taking account of experimental errors in (or c^^),
the scattering in a-brass is independent of any segregation of Zn solute.
Such a conclusion is supported by some of the results of Lomer and
Rosenberg,(1959). These authors found that the dislocation densities
as deduced from the thermal conductivity values of deformed polycrystalline
Cu-Zn alloys containing 7, 15 and 30 at, % Zn fell on a universal curve
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when plotted against strain for small strains. The simplest explanation 
of these results' is to suppose that the dislocation density varies with 
strain in approximately the same way with all the alloys and that o 
is independent of zinc content.
It may be concluded that the suggestion to adopt an experimentally 
determined average value of 0,31 x 10“? W""^ cm^  as the scattering 
power for pure copper seems to be correct in view of the value of 
0.30 X 10*7 (Charsley et al.) and the work of Lomer and
Rosenberg.
Figures 6.4 and 6.5 show the slope of the ^/t versus T curves for 
Dg to Dg. The slopes steadily decrease with higher ageing temperature 
for Dg to Dy. The changes in W^T^ for Dg to Bg are plotted against 
ageing temperature in Figure 6.8 - the resulting changes in the 
scattering power (deduced from a value of 1.7 x lO"? W“  ^cm^ for
D,y) are given in Table 6.2 and if plotted against ageing temperature 
would be similar to the curve in Figure 6.8. The increase in W^T^
(or the scattering) for Dg to D,^ is interpreted as due to the gradual 
segregation of impurity atoms to the dislocations. The solute • 
atoms diffuse more rapidly at higher temperatures and are thus 
progressively able to diffuse to the dislocations.
It was observed that ageing effects were exhibited in the results 
of This was not an expected behaviour as the substitutional
solute atoms would not be mobile at 77 K. At such low temperatures 
sufficient energies would not prevail for vacancies to provide a means 
for the solute atoms to migrate. However, the energy required for 
migration of interstitials and divacancies are such that they may be 
mobile at liquid nitrogen temperatures. However, interstitial Cu
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atoms will not give this effect and interstitial Al atoms are not 
likely to be produced because of the size effect. Divacancies are 
suggested to be more likely to cause the observed ageing effect.
Examination of Figure 6*0 suggests that the scattering increases 
markedly at temperatures above 200 K *» this is interpreted as due to 
the mobility of vacancies at higher temperatures.
The difference in W^T^ between Dg and D^ is of the order of only 
20% - suggesting that the major part of solute segregation had occurred 
during the one hour room-temperature ageing. This suggestion may be 
supported by information as to the rate at which impurities segregate 
to the dislocation core due to strain ageing at room-temperature. The 
Cottrell atmospheres affect the mechanical properties of the alloy and 
give rise to effects such as the yield point phenomena in solid 
solutions. This has been discussed by Nabarro, (1948). Experiments 
on yield point phenomena have been conducted on single crystals of 
«-brass by Ardley and Cottrell,(1953); on Cu-Al single crystals by 
Koppenaal and Fine, (1961); and by Desvaux, (1967); and on silver based 
aluminium alloys by Hendrickson and Fine, (1961). In such experiments, 
it has been found that an initial maximum in the stress-strain curve is 
recoverable after strain ageing and has been ascribed to the pinning of 
dislocations by solute atoms. It has been reported by Hendrickson and 
Fine,(1961) that for Ag + 6 at, % Al, approximately 50% of the initial 
yield drop is recovered after ageing for as little as one minute at 
room-temperature. Similarly, ten minutes ageing was required for a 
Cu t 14 at. % Al single crystal - Koppenaal and Fine, (1961). Desvaux, 
(1967),found that for a strained single crystal of Cu + 12 at, % Al, the 
yield point returned after only 5 minutes ageing at room-temperature.
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It is suggested here that phonon-scattering effects will occur as 
rapidly as the observed yield point recovery, Dullough and Newman * 
(1962), have made a calculation on the concentration distribution of 
impurity atoms during solute cloud formation. It has been predicted 
that the rate of depletion of solute atoms at large distances (v 100 A) 
from the dislocation is similar to the rate of accumulation of solute 
atoms at the core itself. It is interesting to point out that 
Mitchell et al., (1971), regard 48 hours to be adequate annealing-time 
for their ropm-temperature and higher temperature annealing. Friedman 
(1973), assumed that an annealing time of about 10 hours at room and 
higher temperatures was entirely adequate for all changes to occur in 
his Cu t 10 at. % Ge samples.
In view of the discussion above, it may be concluded that ten 
weeks ageing at room-temperature is more than sufficient for complete 
segregation to occur and in the segregated solute atoms may be 
regarded to be in equilibrium with the dislocations at room-temperature.
Dg employed the specimen of but now annealed at 250°C for 48
hours which should enable equilibrium of atmospheres corresponding to
T = 250*C to be achieved. The residual electrical resistivity
measurements Bg and Ag, shown in Table 6.5, show no significant changes
in P values to have occurred due to annealing at 250*C and hence the o
reduction in W^T^ by 24% between and Dg must be due to an increase 
in lattice conduction. The plotted values of W^T^ for D^ and Dg in 
Figure 6.8 are distinguishable from each other within the plotted 
experimental errors. The temperature of 250*C was not high enough to 
cause dislocations to anneal out. This view is supported by
Clarebrough et al., (1955),for pure copper. Therefore, the change in 
W^T^ is interpreted as due to the dispersion of the solute atoms from
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the dislocations. This observation is in agreement with the experimental 
evidence of Mitchell et al., (1971), for their Cu t 10 at, % Al alloys. 
Figure 6.9 shows a graph of W^T^ versus annealing temperature extracted 
from the date of Mitchell et al. for a sample of Cu t 10 at. % Al 
annealed for 48 hours at various temperatures from 300 K upwards after 
room-temperature deformation. The results of and Bg are also 
plotted on the same figure for comparison.
Cii) Copper-gold alloy
This alloy is different from the Cu-Al alloy in that the alloy
here contains a more massive monovalent solute atom. The value of
W T^ for D_ agrees reasonably well with the expected annealed valueg e.
from Leaver’s work (1969); this shows that the results on D are
comparable in reliability to those of A and B. The results of ,
Dg and show an enhancement in the scattering after the room-
temperature ageing process of D^  ^and the 3 sets of versus T curves
display a similar pattern as those of Cu-Al alloys. The ratio
(W_T2)n : (HLT^)n is found to be equal to 4.6 ± 1.4 and shown inD Dij. D D0
Table 6.6. Again the effect of solute segregation gives rise to an 
enhancement of phonon-scattering.
Using the predetermined value for the scattering = 0.31 % 10“? 
cm^  (determined from measurements on Cu-Al specimens and assumed 
to a good approximation to be representative for the scattering in pure 
copper), and the value of W^T^ from measurements in Dg, the dislocation 
density introduced in specimen D is estimated to be 8,3 x lo^ cmT^ .
Due to lack of suitable electropolishing technique, the dislocation 
density in such an alloy has not often been satisfactorily determined by 
electron microscopy - Leavei\, (1969), has done considerable research in
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vain in this context. It is not difficult therefore, to realise the 
great potential offered by the measurement technique possible in this 
type of cryostat.
Using the determined value of = 8.3 x lo^  cm"^ and a value 
of = 1,165 cm for the value of a equivalent to room-
temperature deformation is calculated to be 1.4 x 10“? W“  ^cm^ K?.
Leaver,(1969),compared the work hardening characteristics of 
Cu-Au and Cu-Al and he concluded that the stress-strain curves for his 
Cu + 10 at. % Au and Cu + 12 at, % Al alloys are coincident within 
experimental errors.for strains of up to 12%; he further discovered 
that the linear relationship between and the stress t is identical
for the two specimens. He suggested therefore,that both the alloys 
would have similar values of and for a given deformation and he
concluded that c would be the same for both Cu + 10 at.% Au and 
Cu + 12 at, % Al. However, it is apparent from this research work
that the value of a in Cu + 10 at. % Au is appreciably less than, the
value of a for Cu + 12 at. % Al as determined by Leaver. Using the
determined value of a for Cu + 10 at.% Au, it is possible to deduce
the correct dislocation densities for this alloy, as a function of 
strain, from Leaver’s results.
Clearly.
a- Cu t 10 at.% Au (Leaver)
D(Corrected) D(Leaver) * a Cu + 10 at. '6 Au (Corrected)
Table 6.7. shows the values of ^Leaver* ^"ü^Leaver
(Ng^çgppg^ted this research work) given with the respective
strains introduced in Leaver’s specimen. A corrected Curve of
147
versus strain is plotted in Figure 6.11 and besides demonstrating 
that Leaver underestimated his values it is seen that the curve is 
displaced towards the graph deduced by Leaver for Cu + 2 at.% Al and 
the universal curve for alpha-brass due to Lomer and Rosenberg.
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Table 6.3
Table Displayins Results of Residual Electrical .Resistivity 
Runâ C^ s Cg and of Specimen C - Cu + 10 at. % Al
RUN SAMPLE “ HISTORY p ino
n cm
Fully annealed 6.802
Deformed at M-.2 K by 6.58% 6.870±0.003
S Specimen Cg aged at room-temperature 
for 1 week
6,872
±0.003
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Table 6.5
Table Showing Measurements For
Specimen A.9 B and D
RUH SAMPLE HISTORY
"0
U ^  cm
Sample A fully annealed 6.805 1 
1
Measurements made on sample used in A^ 6.820
“x Sample B fully annealed 6.809
“9 Measurements made on sample used in Bg 6.840
Sample D fully annealed 4.359
Measurements made on sample used in 4.375
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Table 6,6
Ratios Of And
[V^] helium ^°>hellum i^ ^^ Pectlvely
SAMPLE
fw^ T^ l D ^room r^oçra
(V^) helium helium
A 5.3 ± 0.9 5.3
t
D 5.9 ± 0.9 5.9
D 4.6 ± 1.4 4.5
■r'
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Table 6.7
Table Comparing Data of Leaver^(1969)^To the
Values Obtained In This Research For Cu + 10 at. % Au
STRAIN
%
^ ^LEAVER 
W“1 era
[n )xlO-9 
-^'leaver
cra~2
N/ CORRECTED
(
xicrs
1.90 70 0.2 0.5
3.97 380 1.4 2.7
6.20 900 3.2 6.4
8.10 1,270 4.5 9.1
10.75 2,040 7.3 14.5
13.35 2,360 8.4 16.9
15.67 3,340 11.9 23.9
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U ) •Figure 6.1 Comparison Of The Calibration Points Of The Annealed 
Runs Ag Bg’’Deformed"Runs A^ With The Standard 
Calibration Curves For The Thermometers 1 And 2.
2.190. R is the electrical resistance of carbon thermometer 
which is related to the parameter b by the Clement and 
Quinnell formula (Equation 5.1) discussed on page 122.
b
2.180
standard calibration points 
fitted through these points
curves
calibration points for the specimen 
/ A in the annealed run. Ap and deformed 
run A3 respectively
2.170
calibration points for the specimen 
B in the annealed run B^ and 
deformed run B respectively2.160
2.150
2.140
2.120
.1003.0002.900
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Figure 6.7
Values For a In Pure Copper Obtained In This Research Plotted On 
Charsley et al.,1968,Curve Of g Vs. A1 And Zn Concentration In Cu-alloys
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Figure 6.8
Graph Showing Changes In With Ageing Temperature
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Figure 6.10
Calibration Of Thermometers From Room-Temperature Down To 
~ 218 K Using A Bath Of Solid CO + Alcohol
Log^O K2.0800 (
1; 2j 3 are experimental2.0750
points from run and found
over a period of 2 0  minutes 
the higher temperature represented 
by 1  was taken as the ageing 
temperature 190 ± 10 K for as 
long as the specimen^ was above 
point 3
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Figure 6.11
Graphs Of Vs. Strain
Experimental Points O  - Curve (1) from present research for Cu + 10 at. % Au
Experimental points 0  - Curve (2) due, to Leaver for Cu + 10 at. % Au
Experimental points 3  due to Leaver for Cu + 12 at. % A1
Experimental points due to Leaver for Cu + 2 at. % A1
Dashed curve for a-brass - universal curve due to Lomer and Rosenberg
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CHAPTER 7 
DISCUSSION
7.1 Critical Discussion Of The Ackerman and Klemens Theory On A 
Fundamental Basis
The Klemens (1958) theory predicts scattering to be proportional to 
on the assumption that the impurity atoms have no influence on the 
scattering. Such a value for cr would therefore be independent of the 
solute concentrations, for moderate concentratibns, apart from a very 
small effect due to a change in y.
However, the Ackerman and Klemens theory (1971) attempts to take 
into account the scattering due to solute segregation and,as has been 
discussed previously in Chapter 2, the theory modifies a to:
a at iy + Y'")2
where V K
Y*" = (ya^  “ «3). . C^ ^
a
It is predicted that enhanced scattering due to solute segregation may 
occur if y"'is positive i.e. if ya^ > a0.
1. An edge dislocation has a strain-field and it is expected that' in • 
the case of a solute atom smaller than the solvent, the solute atom would 
replace the solvent atom in the compressive part of the strain-field of 
the edge dislocation and where the solute atom is larger, it would be 
expected to be in the dilated region. This segregation would represent 
minimisation of the total strain energy when equilibrium conditions prevail. 
The theory described leads to the conclusion that the scattering of the 
lattice waves in the strain-field of the dislocation and its atmospheres
r;)-?\ i
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occupying lowest available energies, may in certain alloys, depending on 
the values of a, 3 lead to enhancement of the scattering.
2. It seems there is a fundamental difficulty in accepting the theory 
as it stands since if 3 = 0 and a  ^0, there is enhancement of a due to 
the squared term in a, although the strain-field must be relieved by 
segregation.
3i Suppose one considers a ternary solid solution alloy, for example 
where there are two different types of solutes of different sizes say in 
the alloy. It is plausible to envisage the distribution of the different 
solutes in the straih-field matrix of a dislocation such that elimination ' 
of the scattering occurs. Such an effect cannot be accounted for on the 
model proposed by Ackerman and Klemens.
4. Ackerman and Klemens have assumed an expression given by Cottrell 
and Bilby,(1949),for the equilibrium solute concentration. This has 
been discussed previously in Chapter 2. It must be pointed out that 
Dullough and Newman, (1952), have made calculations on the distribution of 
solute atoms during atmosphere formation and these have suggested that 
when equilibrium is attained, there is a reduction of solute concentration
obelow the average value at distances of the order of 100 A ' from the 
dislocation core. Figure 7,1 shows the two types of solute distribution 
aoqiwd a dislocation according to the models of Cottrell and Dilby and 
also Dullough and Newman. The Ackerman and Klemens theory supposes that 
there is only a solute enhancement. The real situation is, however, 
more complex.
5. In the theory it is assumed that the volume size factor a is 
approximately 3 times the linear size factor e. It must be pointed out 
that another approach sometimes favoured - King,(1966),is that the linear
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size factor is the ciibe root of the volume size-factor.
The definition of the volume size factor rests on the observation 
that at low values of fractional composition, the atomic volumes of solid 
solutions vary linearly with right up to the phase boundary in many 
alloys, whereas in certain alloys the linearity only holds to ~ ^max’
In any event, the linearity does not usually follow the straight-line 
joining the atomic volumes of the two elements of the solution. The 
straight line simply joining the atomic volumes of the respective elements 
forming a binary solution on an atomic volume versus composition curve 
is referred to as Vegard^s law. The departure from Vegard's law in a 
metallic solid solution alloy reflects a degree of modification of the 
electronic environment of the solute atom. The logic of the situation 
is that the departure from linearity of volume versus composition plots 
may suggest that sufficient solute element has been added to change the 
electronic environment of the solvent atoms.
However, it must be pointed out that Ackerman and Klemens use the 
X-ray lattice parameter measurements for a. The important point here, 
however, is that the ’local’ size factor is not reflected by the X-ray 
lattice parameter which only gives an average value.
7,2 Critical Consideration Of The Theory In The Light Of Results Of
This Research And Other Workers
A knowledge of the signs and magnitudes of the size difference a and 
mass difference 3 of any substitutional solid-solution alloy under test 
could be used to predict theoretically whether enhanced scattering is to 
be expected due to solute segregation. 3 can readily be found as it 
simply involves the atomic weights of the solute and solvent. However,
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it is much more difficult to get a true picture of the volumetric mismatch
versus C in oa, Mitchell et al., (1971),have plotted a graph of
accordance with Equation 2.37 of Chapter 2 for copper-aluminium and they
used the data of Charsley et al.,(1960). They found that the ratio of the
slope Q to intercept P of their plot was 5.5 which is a reasonable figure.
Their value of the intercept P = 0.90 (10~? W“  ^ cm^  K^ )^ . The intercept
of curve (5) in Figure 6.7 given in this thesis is equal to 0,30 x 10~?
crn^ K^-in Figure 6.7 a vs. C^  values are plotted. Mitchell et al.
used their value of 5.5 for Q : P and a value of y = 1.8 - due to
V K
Rosenberg, (1963),and a value of = 8.4 x lo^  K applicable to copper 
deformed at T^ = 300 K in their expression for p(Equations 2.36 and 2.37). 
Solution of this expression yielded a positive value of t 0.24 for a 
in Cu-Al system. From the X-ray experimental results of the change of 
lattice spacing with aluminium concentration in copper, the atomic
odiameter of aluminium is 2.71 A'' and of copper is 2.55 A - Pearson,
(1958). Using these values in the expression for a - Equation 2,7 
Chapter 2, one finds that a = + 0.20 which is in reasonable agreement 
with the value of t 0.24.
Axon and Hume-Rothery, (1948), give a value of + 0.2 for ot in Cu-Al 
and which includes size and valence effects, and is based on lattice 
spacings in terminal solid solutions. More recently. King (1956) has 
tabulated quantitative size-factors for 459 metallic substitutional solid 
solutions using precision lattice parameter data; King gives a value of 
t 0.1999 for a in Cu-Al. It is clear, that the values of a for Cu-Al 
given by Mitchell at al., Pearson and Axon and Hume-Rothery are in good 
agreement with each other and, in turn,not in bad agreement with King’s 
values. Further, since King’s values are the most reliable, 
his values for a are here used when attempting to predict theoretically
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the effect of atmospheres on o. Throughout, Rosenberg’s experimental
value of 1.8 for y at low-temperatures will be assumed and a value ofV K y
3,4 X 10  ^K taken for k.. The temperature at which atmospheres 
attained equilibrium with dislocations, T^ will be assumed to be 300 K, 
considering room-temperature deformation. Scattering powers in
deformed solid solution alloys of known solute concentration C can 
then be determined. However, for the purpose of predicting whether 
enhancement is expected in a in any alloy, it is only sufficient to 
determine the sign of (yoi^  - a3) for the alloy. Values and the signs 
of (yoi^  - a3) for a total of twenty-six different substitutional solid 
solution copper alloys and the detailed analysis are given in Tab;le 7.1.
The values of the parameter (ya^ - - a3) are arranged in decreasing 
order in the table, and it is observed that all the alloys would 
exhibit enhancement with the exception of Cu-Si on the model proposed.
Using the appropriate values of Cu-Al alloys the Ackerman and
Klemens theory predict that a y m  a at J = 1.5 and  ^ Cu t 10 at. % Al Cu
^Cu t 12 at % Al ' ^^u " results of the experimental work
in this research agree with the theory in that they confirm an
enhancement in o' for Cu/lOAl but experiment shows that a mean value of
5.6 is obtained for c „ :cr_. This value of 5,6 is inCu + 10 at. % Al Cu
good agreement with the enhancement factor of 6 predicted from the 
second suggestion of Charsley et al,, (1968) [page 141].
Again on the theoretical model proposed by Ackerman and Klemens
it is calculated that + iQ t^. % Au ' ^Cu ~ ^Cu + 10 at. % Au'
. o AT = 152 whereas the results of this research show Cu + 10 at. % Al
^Cu/lOAu * ^Cu ” '^5' The discrepancy in this case is enormous. Moreover, 
experimental results here suggest that scattering in Cu/lOAu is less than 
that in Cu/lOAl.
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Further, the theoretical analysis using the model proposed by 
Ackerman and Klemens shows that the scattering in Cu t 30 at. % Zn 
is greater than that in the pure metal by a factor of 13 and 8.7 
times greater than the scattering in Cu t 10 at, % Al, But Lomer and 
Rosenberg (1959) and Charsley et al. (1968) have experimentally 
determined value of c in Cu + 30 at. % Zn which within experimental 
error, is equal to the value of a in pure copper (i.e. or o^ )^ 
obtained in the research work of this thesis.
Moreover, it is predicted on the Ackerman and Klemens model that 
a in Cu + 4 at. % Ga is 3.4 times greater than that in the pure metal. 
However, Zeyfang, (1967), has obtained a value for a in Cu t 4 at, % Ga 
which is comparable to that in Cu t 30 at. % Zn and not significantly 
different from the experimentally determined value of in this 
research. It must be pointed out however, that Zeyfang has made no 
direct measurements of
From the discussion above it is seen that the measured values of 
^ROOM approximately the same as from this research for all alloys 
having small values of 3. However, according to the theory, large 
enhancement is predicted for Cu - Zn, Cu - Ga and Cu - Ge alloys which 
all have small values of 3 ; implying that the large predicted enhancement 
must be due to the size effect in the alloys. However, all experimental 
evidence so far shows that is greater than c for alloys having
appreciable values of 3. This may be the chief weakness in the theory 
of Ackerman and Klemens and is particularly notable for Cu - Zn system 
where 3 % 0.
It must be concluded therefore, that although the signs predicted 
by the parameters - a3) are indeed confirmed by the experimental
results on the alloys investigated in this research work, the quantitative 
agreement with the theory is ve;cy poor. In view of the discussion in
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Sections 7.1 and 7.2, it is suggested that the theory may be fundamentally 
wrong.
7.3 General Discussion
Since the theoretical publication by Ackerman and Klemens, to the 
author’s best knowledge there have been only two reports published on any 
attempts to test the theory experimentally i.e. that by Mitchell et al., 
(1971)-. on Cu t 10 at. % Al, and..that by- Friedman (1973) on Cu + 7 at, % Ge, 
It must be pointed out that none of these authors have deformed their' 
specimens in the cryostat at liquid helium temperatures, and thus have not 
measured without the effect of atmospheres.
Mitchell et al. (1971) established the temperature dependence of 
the annealing of atmospheres already formed in their deformed alloys, and 
as it has been discussed previously in Chapter 6, the results of experiment 
and B of this research work ire in agreement with the observations of 
Mitchell et al. But the work of Mitchell et al. does not show 
conclusively whether Cottrell, atmospheres do indeed modify the scattering 
as annealing at higher temperature may cause annealing of dislocations 
and may thus be misleading Since they have not measured W^T‘" without the 
effect of solute segregation, it would be extremely unwise to draw a 
dividing line between the temperature at which atmospheres have already 
been dispersed and that when dislocations begin to anneal - hence a value 
for equivalent to that in the pure metal can never be attained by such 
a technique. However, the results of the research work described in 
this thesis, directly prove the effect of atmospheres on a and are in 
quantitative agreement with the roorn-temperature values - « of
2, 10 and 12 at, % Al alloys - solute segregation seemed the only 
plausible explanation of the results.
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Further, it is interesting to point out that Mitchell et al. have 
not been successful in observing time-dependent effects with annealing 
as predicted by the theory which was discussed in Section 2.4 of 
Chapter 2.
Friedman (1973) tested the effect of annealing temperature on a 
polycrystal alloy of Cu t 7 at. % Ge deformed by ^  7,6% at room 
temperature. The values for a, 3 here are such that (ya^  - c3) ~ t 0.16 
indicating enhanced scattering; + 7 at % Ge ' *^ Cu being = 7.5, 
Friedman reports to have failed to see such an effect in this system 
as a result of annealing the deformed alloy between roora-temperature and 
741 K - no measuraliile change in W^T% was observed,
Friedman proposed two alternative suggestions :
1) that there was no significant formation of Cottrell atmospheres 
during plastic deformation
2) that impurity atmospheres in this system formed, but that there
was no significant thermal dispersing below an annealing temperature 
of about 700 K. However, this idea is unacceptable if the Cottrell 
theory is accepted.
Unfortunately, no data on dislocation densities are given by Friedman 
so that the corresponding value of the scattering cannot be compared 
with obtained in this research. However, assuming that solute 
segregation does not modi:cy the scattering in Cu - Ge and taking the 
scattering power a as (given by 0,31 x 10 ^ W  ^ cm^  K^), dislocation 
densities in one of his samples deformed by 7.63% (W^T^ "v 2,380 W  ^cm K )^ 
is deduced to be 'v lo^  ^ cm It seems highly iiaprobalDle that such 
large values are introduced in Cu t 7 at. % Ge sample deformed
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by only 7.63% especially as Cu - Ge is known to deform in a similar 
manner to Cu - Al, This may lead one to believe that enhanced scattering 
is expected in the Cu - Ge alloy due to solute segregation.
- 175
Table 7.1
Analysis Of The Parameter (yot^  - otg) For 26 Substitutional Solid Solution 
Cu-alloys
Order in 
Decreasing 
Value of 
Parameter 
(ya% - a3)
Solute a 8 «3 ya% (y«2 _ ag)
1 T1 +1.2916 -1.1083 -1.4315 3.0028 +4.4343
2 Sb +0.9187 -0.4581 -0.4208 1.5192 +1.9400
3 Sn +0.8340 -0.4340 -0.3619 1.2520 +1.6140
4 In +0.7903 -0.4035 -0.3189 1.1242 +1.4431
5 Th +0.4912 -1.3259 -0.6513 0.4343 +1.0856
6 Cd +0.6740 -0.3846 -0.2592 0,8177 +1.0769
7 Au +0.4759 -1.0502 -0.4998 0.4077 +0.9075
8 Ft +0.3119 -10351 -0.3228 0.1751 +0.4979
9 Ag +0.4352 -0.3489 -0.1518 0.3409 +0.4927
10 Mg +0.5080 +0.3086 +0.1568 0.4645 +0.3077
11 As,.. +0.3877 -0.0895 -0.0347 0.2706 +0.3053
12 Be -0.2645 +0,4291 -0.1135 0.1259 +0.2394
13 Pd +0.2796 -0.3373 -0.0943 0.1407 +0.2350
14 Mn +0.3419 +0.0677 +0,0231 0.2104 +0.1873
15 Ge +0.2777 -0.0713 -0.0198 0.1388 +0.1586
16 Ga +0.2411 -0.0486 -0.0117 0.1046 +0.1163
17 Ti +0.2574 +0.1231 +0.0317 0,1193 +0.0876
18 Hg +0.0544 -1.0785 -0.0587 0.0053 +0,0640
19 Zn +0.1710 -0,0145 -0.0025 0.0526 +0.0551
20 Cr +0.1972 +0.0907 +0.0179 0.0700 +0.0521
21 Ni -0.0845 +0.0380 -0.0032 0.0129 +0.0161
22 Al +0.1999 +0.2877 +0.0575 0.0719 +0.0144
23 P +0.1651 +0.2563 +0.0423 0.0491 +0.0068
24 Co -0.0378 +0.0362 -0.0014 0.0026 +0,0040
25 Fe +0.0457 +0.0605 +0.0028 0.0038 +0.0010
26 Si
..
+0.0508 
-- -
+0.2790 I +0.0142 0.0046 -0.0096
TT^rrr^rrrrrrrrrrrrr^
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Figure 7.1
The Concentration Distribution Of Solute Atoms Of An Edge 
Dislocation Due To Bullough And Newman (Solid Line) And That Assumed 
By Ackerman And Klemens (Dashed Line)
oe(r) is the concentration at radius r A from the dislocation 
core and is the average solute concentration.
Core radius
C(r)/Co 100
1 -
20 60 100
o r A
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CHAPTER 8
8.1 Conclusions
1. A helium M- thermal conductivity cryostat was designed and constructed, 
and this enabled tensile plastic deformation of copper alloys at liquid 
helium temperatures and measurements of thermal conductivity to be made 
without allowing the specimen to age at temperatures outside the liquid 
helium range. Such a cryostat was adapted to facilitate measurements
of residual electrical resistivity of samples deformed and aged only 
at liquid helium temperatures.
2. Measurements on Cu + 10 at. % Al and Cu + 10 at. % Au polycrystalline 
alloys in (a) the annealed stated, (b) deformed and aged at liquid helium 
temperatures and (c) in the room-temperature aged conditions have shovm 
that the dislocation thermal resistivity is enhanced for the room-
temperature aged samples by a factor of 5.6 for Cu + 10 at. % Al and
4.6 for the Cu + 10 at. % Au. No significant differences in the residual 
electrical resistivity values were observed between measurements made 
on a Cu + 10 at. % Al specimen deformed at 4.2K and that on the deformed 
sample allowed to age at room-temperature, This conclusively showed 
that the observed changes in thermal conductivity are not due to changes 
in the electronic component of the thermal conduction but may be interpreted 
as due to changes in the lattice conduction.
3. The measurements prove the effect of solute segregation on the 
dislocation-phonon scattering power cr and the results are in good 
quantitative agreement with the observations of solute concentraction 
dependence of Cu-Al alloys made by Charsley et al.,(1968). However, the 
results reflect very poor quantitative agreement with the theoretical 
predictions of Ackerman and Klemens, (1971).
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4« The average value of 0.31 x 10~? cra^ has been obtained for 
the dislocation phonon-scattering power for random solute distribution 
from measurements on the deformed Cu t 10 at. % Al. is regarded to 
be independent of solute ‘type and concentration and representative of 
the scattering power in pure copper. This is the first reliable 
experimentally determined value of its kind and is in good agreement with 
the extrapolated value from the curve of a versus aluminium content in 
copper of Charsley et al,, (1968) and the value of or for alpha-brass 
obtained by Lomer and Rosenberg, (1959),
5. Changes in scattering due to segregation of impurity atoms to the 
dislocations have been reflected by a series of dislocation thermal 
resistivity measurements on Cu t 10 at. % Al deformed at liquid helium 
temperatures and aged at warmer cryogenic temperatures, Ageing effects 
at liquid nitrogen temperatures were observed, and were interpreted as 
due to the movement of divacancies. It was shown that W^T^ increases 
systematically with ageing temperature right up to room-temperature. 
Further, the measurements confirm that ageing at room-temperature causes 
very rapid solute segregation.
6. Reasonable qualitative agreement with the theory of Ackerman and 
Klemens has been obtained regarding the annealing-temperature dependence 
for the dispersion of Cottrell atmospheres already formed and in 
equilibrium with the dislocations. The results are in good agreement 
with the experimental work of Mitchell et al,, (1971).
7. The values of introduced in a Cu t 10 at. % Au sample deformed at 
liquid helium temperatures was deduced by using the determined value of 
(W^T^)^^ and the predetermined value of the scattering power (Oj^  or a^^) 
in pure copper. The scattering power in Cu + 10 at, % Au due to ageing at
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room-temperature was thus calculated to be 1.4 x 10"? W""^ cm^
which is smaller than the value given by Leaver, (1969), who deduced the 
value by comparing work-hardening mechanisms of Cu + 12 at. % Al and 
Cu t 10 at. % Au. Study of the corrected dislocation densities in the 
Leaver Cu + 10 at. % Au specimen strained by 2% to 12% has revealed that 
Leaver has appreciably underestimated his values of Nj^. The potential 
afforded by the measurements in the•cryostat designed in this research 
for the determination of dislocation densities in copper alloys without 
recourse to a direct examination by electron microscopy technique has 
been realised.
8. A critical discussion of the Ackerman and Klemens theory has been 
presented and the signs and magnitudes of the scattering parameter 
(Y&2 “ a3) has been calculated for 26 substitutional copper solid solution 
alloys. The theoretical analysis has shown that whilst it correctly 
predicts enhancement in the scattering due to solute segregation for the 
alloys tested in this research, the theory proves totally inadequate in 
assessing realistic magnitudes of the scattering. Further, the predicted 
ratios of the scattering in Cu + 30 at. % Zn and that in Cu + 4 at. % Ga 
to that in pure copper are at variance with the experimental work of 
Lomer and Rosenberg (1959),Zeyfang,(1967), respectively and that of this 
research work.
8.2 Suggestions For Further Work
1. Modifications and improvement in the design of the present cryostat 
are called for so that the time required for the specimen to reach 
equilibrium with the liquid helium bath may be greatly reduced and 
measurements extended to lower temperatures. It would be desirable if 
such a cryostat could facilitate deformation of- the specimen to.a greater
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extent - say 12% strains dislocation densities introduced could then 
be determined as a function of strain by the measuring technique described 
in this thesis. The potential of the cryostat as a means to determine 
could then be fully explored.
If a form of strain-guage could be incorporated in the cryostat, 
the stress t  imparted to the sample deformed at liquid helium temperatures 
could be measured. In this way the values of the stress, strain and 
dislocation densities could be determined simultaneously. This would be 
of value in the study of alloy deformation.
2. Measurements could be extended to interesting materials such as 
Cu + 30 at. % Zn of Lomer and Rosenberg, Cu-Ge system of Friedman and 
Cu“Ga alloys used by Zeyfang. The tests would show whether atmospheres 
form in these alloys. It would be desirable to see if the opposite 
effect is observed for a specimen for which the parameter
is negative e.g. a copper-silicon alloy.
3. The time-dependence of segregation of solute atoms at higher 
cryogenic tempo rat urc^ s could be examined. This would involve the 
deformation of a specimen at liquid helium temperatures and then ageing 
say at 200 K for varying periods of time and remeasuring for each 
ageing time. This would involve designing a suitable temperature control 
system so that the specimen could be maintained at 200 K with reasonable 
success,
4. Much more theoretical work is needed. The Ackerman and Klemens 
predictions need serious reconsideration in the light of the discussion 
in this thesis, experimental results of this research and those of other 
workers - Charsley et al., (196 8), Lomer and Rosenberg, (1959).
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